Nanofabrication Techniques for Nanophotonics by Yavuzcetin, Ozgur
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Open Access Dissertations
9-2009
Nanofabrication Techniques for Nanophotonics
Ozgur Yavuzcetin
University of Massachusetts Amherst, ozgur.yavuzcetin@gmail.com
Follow this and additional works at: https://scholarworks.umass.edu/open_access_dissertations
Part of the Engineering Commons
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Open Access Dissertations by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Yavuzcetin, Ozgur, "Nanofabrication Techniques for Nanophotonics" (2009). Open Access Dissertations. 124.
https://scholarworks.umass.edu/open_access_dissertations/124
NANOFABRICATION TECHNIQUES FOR NANOPHOTONICS
A Dissertation Presented
by
OZGUR YAVUZCETIN
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
September 2009
Department of Physics
© Copyright by Ozgur Yavuzcetin 2009
All Rights Reserved
NANOFABRICATION TECHNIQUES FOR NANOPHOTONICS
A Dissertation Presented
by
Ozgur Yavuzcetin
Approved as to style and content by:
___________________________________
Mark T. Tuominen, Chair
___________________________________
Thomas P. Russell, Member
___________________________________
Nikolay V. Prokofiev, Member
___________________________________
Anthony D. Dinsmore, Member
___________________________________
Marc Achermann, Member
_________________________________________
Donald Candela, Department Head
Department of Physics
DEDICATION
To my supportive parents İclal and Selahattin Yavuzçetin.
v
ACKNOWLEDGMENTS
Firstly I would like to thank to my advisor, Professor Mark T. Tuominen, for his
support and patience during my graduate studentship at UMass. He has always been
understanding, kind and patient with me and has given the priority to develop my
personal skills in order to be a good physicist. Besides all the great and deep physics
knowledge and insight from him, he has also guided me for my future career. Thanks to
Professor Russell for his guidance and also giving the chance and privilege of working
with his postdocs, students which has resulted with fruitful collaborations. Thanks to
Professor Prokofiev with his support with the theoretical background and creating
inspiration. Thanks to Professor Dinsmore for giving a chance to interact with his
students and work with them. Thanks to Professor Achermann for helping me with my
many questions in optics and letting me use his lab. Thanks to Professor Krotkov for his
questions and positivity. Also thanks to NSF, MRSEC, CHM, Draper/DARPA grants. I
also would like to extend my gratitude to the postdocs Soojin Park, Cheol-Soo Yang
and to the students Bokyung Kim and Peter Mistark for their help with my research and
their collaborations. I’d like to thank machinists; Richard Wilkey, Ashley Webb and
Walter Pollard for teaching me the basics of machining, guiding me for the projects and
all their help.
I would like to thank Louis Raboin for his help with FESEM imaging, Patrick
Taylor with his help in ESR and Sivakumar Nagarajan for his help with FT-IR.
I would like to thank to all my friends, past and present group members, my
family for their support.
vi
ABSTRACT
NANOFABRICATION TECHNIQUES FOR NANOPHOTONICS
SEPTEMBER 2009
OZGUR YAVUZCETIN, B.S., BOGAZICI UNIVERSITY
M.S., GEBZE INSTITUTE OF TECHNOLOGY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Mark T. Tuominen
This thesis reports the fabrication of nanophotonic structures by using electron
beam lithography and using pattern transfer via self assembly with the aid of block
copolymers. A theoretical and experimental basis was developed for fabricating anti-
reflective coatings using block-copolymer pattern transfer. Block-copolymers were also
used to fabricate plasmonic pattern arrays which form gold dots on glass surface.
Electron-beam lithography was utilized to fabricate holey plasmonic structures from
gold and silver films. Electron-beam exposure was used in block-copolymer lithography
in selected regions. The exposure effects were studied for both thin and thick block-
copolymer films. Reactive and ion beam etching techniques were used and optimized to
fabricate those structures. This research required a great deal of development of new
fabrication methods and key information is included in the body of the thesis.
vii
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS.................................................................................................v
ABSTRACT.....................................................................................................................vi
LIST OF TABLES ..........................................................................................................xii
LIST OF FIGURES....................................................................................................... xiii
1. INTRODUCTION.........................................................................................................1
1.1 Introduction to Nanophotonics........................................................................1
1.2 Photonic Structures in Nature .........................................................................1
1.3 Anti-Reflective Coatings and Solar Cells .......................................................3
1.4 Plasmonics.......................................................................................................7
1.5 Route to Fabrication of Nanophotonic Structures...........................................8
1.6 References .......................................................................................................9
2. BASIC THEORY FOR NANOPHOTONICS ............................................................11
2.1 Anti-Reflection..............................................................................................11
2.1.1 Reflection from a surface ...............................................................11
2.1.2 Calculation of Path and Phase Difference......................................12
2.1.3 Reflection from two Surfaces and Transmission ...........................13
2.1.4 Simplifications for Anti-Reflection Film .......................................15
2.1.5 AR Coating Methods......................................................................18
2.1.6 Effective Medium Theory ..............................................................20
2.1.7 Moth Eye Effect .............................................................................24
2.1.8 Anti-Reflective Coating for Silicon ...............................................27
2.1.9 Nanoporous Template Fabrication by Nanopattern Transfer .........27
2.2 Plasmons .......................................................................................................30
2.2.1 Surface Plasmons ...........................................................................33
2.2.2 Ebbeson Effect and Holey Films....................................................36
2.2.3 Dielectrics and Metal Particles Near Conducting Surface .............38
2.3 References .....................................................................................................43
3.EXPERIMENTAL APPARATUS AND TECHNIQUES ...........................................48
3.1 Electron-Beam Lithography ..........................................................................48
3.1.1 SEM Beam Size Measurements .....................................................49
viii
3.1.2 Electron Beam Writing of High Resolution Hole and Circle
Patterns ........................................................................................50
3.1.2.1 Array of holes with different diameters—PMMA
Electron-Beam Patterning ...............................................50
3.1.2.2 Pt Evaporation and Lift-Off ............................................54
3.1.2.3 Co Evaporation, lift-off and magnetic
measurements ..................................................................54
3.1.2.4 Hole Arrays and Magnetic Measurements ......................55
3.1.2.5 Fabrication of Ring Arrays..............................................57
3.1.2.6 Cross-Sectional Analysis of Electron-Beam
Written Patterns...............................................................58
3.1.2.7 Summary of parameters used for ring and hole
patterns ............................................................................61
3.1.3 Electron Beam Writing of High Resolution SiOx Line
Patterns ........................................................................................62
3.1.4 Electron Beam Pattern of Cr Patterns on Glass Slides...................65
3.2 Ion Beam Etching..........................................................................................66
3.2.1 Ion Gun Description .......................................................................66
3.2.2 Modifications Done for the Ion Beam Etching System..................67
3.2.3 Ion Beam Etching Rates .................................................................69
3.2.3.1 Ion Beam Etching of Silver Film ....................................71
3.2.3.2 Ion Beam Etching of Cobalt Film ...................................71
3.2.2 Commercial Ion Beam Etcher ........................................................72
3.3 Reactive Ion Etching (RIE) ...........................................................................74
3.3.1 Important Factors in RIE................................................................74
3.3.2 Common Etchant Gases .................................................................75
3.3.3 Deep Anisotropic Etching ..............................................................77
3.3.3.1 Bosch Process..................................................................77
3.3.3.2 Other RIE Techniques for Deep Si Etching ....................78
3.3.3.2.1 CF4 and SF6 Selectivity over Resist and
Metals ..................................................................78
3.3.3.2.2 SF6 and Effect of CHF3 on Etching
Profile ..................................................................79
3.3.3.2.3 CF4 and O2 Etching Rate Stability ...................79
3.3.3.2.4 SF6 and O2 Concentration Effect on Etch
Profile ..................................................................79
3.3.3.2.5 Ideal Power for SF6 ..........................................80
3.3.3.2.6 Other information.............................................80
3.3.4 Glass-like Compound Etching .......................................................81
3.4 Small Angle X-Ray Scattering (SAXS) ........................................................81
3.4.1 Elastic Scattering............................................................................81
3.4.2 Equipment ......................................................................................84
3.4.3 Data Analysis .................................................................................86
3.4.4.1 Spherical Morphology.....................................................88
3.4.4.2 Cylindrical Morphology ..................................................89
ix
3.5 Ellipsometry ..................................................................................................91
3.5.1 Variable Angle Spectroscopic Ellipsometer (VASE) ....................91
3.5.2 Polarization of Light.......................................................................92
3.5.2.1 Linearly Polarized Light..................................................93
3.5.2.2 Circularly Polarized Light ...............................................93
3.5.2.3 Elliptically Polarized Light .............................................93
3.5.3 Ellipsometry Measurement.............................................................94
3.6 Electroplating ................................................................................................95
3.6.1 Electroplating Using Polycarbonate Templates .............................95
3.6.2 Porous Alumina Templates and Their Optical Properties..............99
3.6.3 Electroplating Porous Diblock Copolymer Templates.................101
3.7 Field Emission (FE) ....................................................................................101
3.7.1 Field Emission History and Theory..............................................101
3.7.1.1 History...........................................................................102
3.7.1.2 Fowler Nordheim Equation...........................................102
3.7.2 Field Emission Experimental Setup .............................................103
3.7.3 FE materials..................................................................................105
3.7.3.1 Carbon Nanotubes .........................................................105
3.7.3.2 Fabrication of Sharp Tungsten Tips ..............................106
3.7.4 Field Emission Experiments performed with Fabricated
Samples .....................................................................................110
3.7.4.1 Field Emission Tests with Cobalt Nanowires in
Diblock Copolymer Template .......................................110
3.7.4.2 Field Emission Tests Using Sharp Tungsten Tips ........115
3.8 References ...................................................................................................117
4. DIBLOCK COPOLYMERS FOR NANOFABRICATION......................................122
4.1 Introduction to Diblock Copolymers...........................................................122
4.2 Fabrication of Nanotemplates Using Thick Diblock Copolymers ..............123
4.2.1 Thick P(S-b-MMA) Diblock Copolymers: Electron-beam
Exposure and Chemical Development Study............................124
4.2.1.1 Fabrication of Thick DBCP Templates .........................124
4.2.1.2 Development with Different Times and
Temperatures .................................................................128
4.2.1.3 Analysis and Chemistry of Exposure ............................134
4.2.1.4 Results ...........................................................................137
4.2.2 Reactive Ion Etching of Thick Diblock Copolymer Films...........138
4.2.3 Optical Measurements On Thick Diblock Copolymer Films
With And Without Nanowires ..................................................140
4.3 Fabrication of Nanotemplates Using Thin Diblock Copolymers ................143
4.3.1 Thin Film Diblock Copolymer Template Fabrication..................145
4.3.1.1 P(S-b-MMA) Template Fabrication Procedure.............145
4.3.1.1.1 P(S-b-MMA) Alignment on a Si Wafer .........147
x
4.3.1.1.2 P(S-b-MMA) Alignment on a Half-
finished Solar Cell.............................................148
4.3.1.1.3 P(S-b-MMA) Alignment on Glass Slides ......150
4.3.1.2 P(S-b-4VP) Template Fabrication Procedure................152
4.3.2 Metal Pattern Transfer..................................................................154
4.3.2.1 Metal Deposition via Evaporation or Sputtering...........154
4.3.2.2 Electro-plating...............................................................156
4.3.3 Electro-etching Metal Surface Through Template .......................157
4.3.4 Electron-beam Lithography using Thin Diblock Copolymer
Templates ..................................................................................158
4.3.5 Reactive Ion Etching and Ion Beam Etching of Diblock
Copolymers as Etch Mask.........................................................160
4.3.5.1 Direct Reactive Ion Etching DBCP...............................161
4.3.5.2 Reactive Ion Etching on Metal Coated DBCP ..............165
4.3.5.2.1 Ni and Cr on PS-PMMA ................................165
4.3.5.2.2 Cr on PS-P4VP...............................................167
4.3.5.3 Electrical (I-V) Tests Performed on Reactive Ion
Etched Samples .............................................................171
4.3.5.3.1 General Physics of Photovoltaics ...................171
4.3.5.3.1.1 Back surface Reflectance ................176
4.3.5.3.1.2 Planar Geometry..............................176
4.3.5.3.1.3 Lambertian Light Trapping .............176
4.3.5.3.1.4 Geometrical Light Trapping............176
4.3.5.3.2 Limitations of Efficiency................................177
4.3.5.3.3 Electrical Characterization of
Photovoltaic Cells .............................................177
4.3.5.3.4 Measurements on Reactive Ion Etched
Samples .............................................................178
4.3.5.4 Ion Beam Etching..........................................................180
4.3.6 Optical Characterization of Structures Fabricated by Block
Copolymer Lithography ............................................................183
4.3.6.1 Si Substrate Etched by CF4 ...........................................183
4.3.6.2 Experimental Setup: Extinction/Absorption
Measurements................................................................185
4.3.6.3 Gold Dots ......................................................................187
4.3.6.4 Silver Film with Silicon Oxide as Dielectric ................190
4.3.6.5 Au Dots on Silver Film .................................................192
4.4 Conclusion...................................................................................................193
4.5 References ...................................................................................................195
5. ELECTRON BEAM LITHOGRAPHY FOR FABRICATION OF PLASMONIC
NANOSTRUCTURES..................................................................................................200
xi
5.1 Holey Silver Film Fabrication Using Electron Beam Lithography +
Evaporation + Lift-Off ..........................................................................200
5.2 Holey Silver Film Fabrication Using Evaporation + Electron Beam
Lithography + Etching...........................................................................205
5.2.1 Wet Etching Methods...................................................................207
5.2.2 Dry Etching Methods ...................................................................208
5.3 Holey Silver Film Characterization.............................................................210
5.3.1 PMMA Lift-Off............................................................................210
5.3.2 Surface Roughness of Gold and Silver Films ..............................212
5.4 Plasmonic Structure for Beaming Light from a Subwavelength
Aperture.................................................................................................213
5.5 Optical Characterization of Electron Beam Lithographically Made
Holey Silver Films.................................................................................214
5.6 Conclusion...................................................................................................217
5.7 References ...................................................................................................219
6. CONCLUSIONS AND FUTURE EXPERIMENTS ................................................220
6.1 Conclusions .................................................................................................220
6.2 Future Experiments .....................................................................................221
APPENDIX : THE POLYMER FUEL CELL MEMBRANE IMPEDANCE
MEASUREMENTS ......................................................................................................223
BIBLIOGRAPHY .........................................................................................................240
xii
LIST OF TABLES
Table Page
Table 1: Refractive index and reflectivity percentages at normal incidence
for various materials (Source: David R. Lide, “CRC Handbook of
Chemistry and Physics”, CRC Press, 2006)............................................17
Table 2: Beam size diameter with 3 different working distances and for
different condenser lens (CL) settings.....................................................50
Table 3: Ion Beam Etching rates of various (table from University of
Minnesota Nano Fabrication Center, for 80 mA of ion beam
current and acceleration of 100V). ..........................................................70
Table 4: Some of the Common Materials and Gas Etchants used in RIEs
(from reference )......................................................................................76
Table 5: The pin number and functions of the programmable high voltage
power supply .........................................................................................104
Table 6: Totally 6 substrates were written identically and each were
developed at different time and temperatures. ......................................128
Table 7: Comparing the samples with similar electron beam writing
conditions, developed for different times and temperatures. ................133
Table 8: Oxygen reactive ion etching rates for PS at three different power
rates. ......................................................................................................139
Table 9: RIE tests for etching time and etchant on DBCP etch mask using
CHF3 and SF6+(O2) . The substrates are Si and and glass.....................164
Table 10: RIE tests for etching Cr coated PS-P4VP pattern. The same
pressure, time, power (except first sample) and total flow rate was
used........................................................................................................168
xiii
LIST OF FIGURES
Figure Page
Figure 1: A close up view of the scales on a butterfly wing (image from
Wikipedia).................................................................................................2
Figure 2: Cross section of the common silicon p-n junction solar cell .......................5
Figure 3: Micro-grooved surfaces via chemical texturing on semiconductor
surface .......................................................................................................6
Figure 4: Light incident on a surface with reflected and transmitted
amplitudes ...............................................................................................11
Figure 5: Path difference geometrical construction...................................................12
Figure 6: Multiple transmission and reflection coefficients......................................14
Figure 7: The phase and the amplitude conditions for an anti-reflective film. .........18
Figure 8: Picture of a Moth Eye Compound Eye (with permission from
reference )................................................................................................24
Figure 9: The AR nipple arrays on the compound moth eyes (with
permission from reference ) ....................................................................25
Figure 10. Concept for fabricating a nanostructured antireflective layer on a
solar cell or other optical medium...........................................................28
Figure 11: Interface of dielectric and metal for calculating perpendicular
electric fields. ..........................................................................................32
Figure 12: Surface plasmons at the metal dielectric interface for a TM
surface wave. ...........................................................................................33
Figure 13: Decay lengths at the boundary of metal and dielectric layer ...................35
Figure 14: Dispersion relation (red) for surface plasmons and light line
(green). Blue line is when coupling occurs. ............................................36
Figure 15: Dipole, quadrupole and multipole modes for the spherical
particles, pictorial illustration..................................................................40
xiv
Figure 16: Interdigitated electrodes made using electron-beam lithography.
These electrodes are made with Cr and Au evaporation and lift-
off (linewidths are 5 micron, optical microscope image, width of
images are 3.5 mm and 160 microns respectively). ................................48
Figure: 17: Beam diameter d as seen on LSP signal .................................................49
Figure 18: The design of nanohole patterns with various sizes and exposures,
triangles are for indication of location. ...................................................52
Figure 19: AFM images of PMMA patterns after developing ..................................53
Figure 20: Section analysis of the hole array for measuring depth ...........................53
Figure 21: SEM imaging of hole arrays with various sizes after Pt
evaporation and lift-off............................................................................54
Figure 22: SEM Pictures of the Co pattern. The homogeneity of the lines
inside circle shows that there isn’t considerable astigmatism.................55
Figure 23: Array of holes in PMMA with square pattern .........................................56
Figure 24: Square pattern with e-beam pattern and 100 nm holes imaged
with SEM. For imaging Cr+Au was evaporated .....................................57
Figure 25: Ring and circle arrays with different sizes in PMMA .............................57
Figure 26: AFM image of the circles and holes in PMMA.......................................58
Figure 27: The optical microscope image of array of 18 rectangular patterns
which is 1.2 mm long (left), the magnified region of overlapping
(right).......................................................................................................59
Figure 28: Mis-alignment between different magnifications of SEM.......................59
Figure 29: Cross-sectional view of the array of holes ...............................................60
Figure 30: FESEM picture of the cross section of a single hole in the array ............60
Figure 31: Electron-beam test pattern for various line witdths .................................63
Figure 32: SiOx lines fabricated on Si surface. The height of SiOx is 100 nm
and the distance between lines is 260 nm. The distance between
two groups of lines is 2.5 microns...........................................................64
xv
Figure 33: Height mode SFM image (2 µm x 2 µm) of representative bare
grating pattern having line width of 100 nm and separation
distance of 380 nm (a) and cross-sectional line scan (b).........................64
Figure 34: Cr Patterns on Glass slides (SEM images). (Left) each number
corresponds to a different area exposure (Middle) Exposures
increasing up-down, left-right, below 35 µC/cm2 the pattern
didn’t transfer (Right) Close-up view of the patterns, each pattern
is 40 microns wide...................................................................................66
Figure 35: Ion Gun Schematic...................................................................................66
Figure 36: The designed and machined parts of the ion beam etcher. (Left)
The 8” diameter stainless steel flange—top view. (Middle) The
four legs of the dovetail holder—side view. (Right) The top view
of the dovetail holder, the four edges are matching the legs. All
figures are in proportion. .........................................................................68
Figure 37: The dovetail parts; (left) dovetail mate, ring, pin and compression
spring. (Right) Stub holder that fits the mate base. .................................68
Figure 38: The finished dovetail mate base (left) and the full assembly for
the sample holder. The sample holder is designed to fit a standard
(25 mm) SEM aluminum stub.................................................................69
Figure 39: Silver film on glass slide with thin gold sputtered film. It is tested
with Ar+ ion beam etching system. (left: 15 min, middle 25 and
right 40 minutes) .....................................................................................71
Figure 40: Half masked Co film on glass slide. The masked region shows a
sharp boundary between the etched and non-etched regions. .................72
Figure 41: The cross-sectional view of a commercial ion beam etcher with a
neutralizer and rotator .............................................................................73
Figure 42: Left: TEM grid on Silver film. Right: The silver film on the glass
slide after etching. ...................................................................................74
Figure 43: Incident and scattered vectors in SAXS. The angle between these
two vectors is 2θ and their magnitudes are equal....................................82
Figure 44 :Scattering centers in a periodic lattice. ‘r’ is the center to center
distance between two scattering points, a is the 1st nearest
scattering center, b is the 2nd nearest scattering center, etc.. ...................83
xvi
Figure 45: (Left) Hexagonal lattice with primitive vectors in two dimensions
(Right) The reciprocal lattice of the hexagonal lattice and its
primitive vectors which are again forming a hexagonal lattice.
Depending on r, the reciprocal lattice might expand or contract
and has rotated 30 degrees clockwise......................................................84
Figure 46: The SAXS equipment used in our experiments.......................................85
Figure 47: Pictorial representation of x-ray setup. ‘D’ is the distance between
the sample and the detector. 2θ is the angle between the central
line and the scattered ray hitting on the detector. ....................................86
Figure 48: The raw SAXS data turned into image representation. The center
has the beam blanker and its holder shadow.(Left) spatial x-y data
(Right) polar transformation (r vs θ). ......................................................87
Figure 49: SAXS plot of q vs logarithm of Scattering Counts for a test
sample......................................................................................................88
Figure 50: SAXS of PS-b-PMMA (90-10 by wgt) which has got spherical
morphology. ............................................................................................89
Figure 51: SAXS of PS-b-PMMA (70-30 by wgt) which has got cylindrical
morphology. The second and third higher order peaks are also
visible. .....................................................................................................90
Figure 52: Elliptically polarized light, pictorial representation.................................92
Figure 53: A commercial polycarbonate membrane sputtered with Au for 2
minutes and imaged with SEM. ..............................................................96
Figure 54: Polycarbonate porous membranes electroplated with Pt. (Left)
overplated regions as seen mushroom shape. (Right) The same
template after dissolved with Chloroform...............................................97
Figure 55: (Left) Polycarbonate porous membranes electroplated with Pt
which are diluted many times. (Right) An isolated single Pt
nanowire. .................................................................................................98
Figure 56: Free standing and broken Pt nanowires over the Polycarbonate
membrane electroplated with Pt which are diluted many times..............98
xvii
Figure 57: Commercial Al2O3 Membranes showing the gold deposited sides.
Deposited gold is shown in yellow color. (Upper-left) Gold
deposition on the 200 nm pore side and this side is up. (Upper-
right) Gold deposition on nominal pore side and this side is up.
(Bottom-left) Gold deposition is on the 200 nm pore side, this
side is down. (Bottom-right) gold deposition is on the nominal
pore side and this side is down (image from Cheol-Soo Yang). ...........100
Figure 58: Pictorial representation of the bending of the potential barrier in
the presence of an electric field .............................................................102
Figure 59: Plot of Fowler-Nordheim Equation for ideal Field Emitters .................103
Figure 60: Electronic Schematics of the High Voltage Source Controlled by
the computer. VM: Voltage Monitor, DAQ: Data Acquisition,
PA: Potential Applied ...........................................................................105
Figure 61: Tungsten Electro-etching setup which consists of a beaker of
KOH solution, and a machined stainless steel electrode for
uniform ionic exchange. ........................................................................107
Figure 62: Tungsten tips formed by electroetching at a potential of 2V. (Left)
optical microscope picture at highest magnification (Right) SEM
picture of the same type of tip. ..............................................................108
Figure 63: Different shape of tungsten tip formed by higher etching voltages.
The SEM image (right) is the magnification of the tip. ........................108
Figure 64: Using electro-etching again, forming tungsten gaps for FE
experiments. (Left) The tungsten wire is on glass slide,
encapsulated with epoxy and outer contacts are made from copper
wire. (Right) The gap is formed after electroetching. The gap size
is around 100 microns wide. .................................................................109
Figure 65: (Left) The diblock (DB) template on Au+Cr evaporated on Si.
The open region is where the nanowires are that are perpendicular
to the substrate—side view. (Right) The optical image of 100 µm
diameter circular region with Co nanowires .........................................111
Figure 66: The field emission setup for measuring the emission from Co
nanowires. The anode is facing up with the open window, spaced
with PMMA of 1 micron thickness, and aligned with Co
nanowires on the cathode. The whole assembly is in the vacuum. .......113
xviii
Figure 67: The field emission curves from Co nanowires (Left) The I-V
curve plotted directly. (Right) the Fowler-Nordheim plot and the
picture of the sample after the experiment. ...........................................114
Figure 68: The field emission curves (sweeping down) for the fabricated
sharp tungsten tips. (Up) The plot shows that the turn on field
was around 800 volts (Bottom) Fowler-Nordheim plot of the
same data points shows quite linear behaviour. ....................................116
Figure 69: Schematic description of preparing the DBCP film. Two glass
slides are wrapped with Teflon and the di-block coated side of the
wafer faces the aluminized kapton sheet where the kapton layer
faces the Si wafer so that it acts as an insulating layer in between
aluminum and gold films. The electrical contacts are made from
the gold film (+) on Si wafer and from the aluminum (-) of
aluminized kapton. The sample has been annealed at 175 °C for
15 hours in the presence of 1000 V so that the electric field inside
was around 40 V/µm. ............................................................................126
Figure 70: SAXS from Cu nanowires electroplated into the templates. The
template was mounted with an angle of 45° incident to the beam.
The two dots indicate that there is good alignment of cylinders
perpendicular to the template. Also by the analysis of this image,
we have measured the center to center spacing of the nanowire is
about 24 nm...........................................................................................127
Figure 71: A constant temperature bath was made by wrapping copper tubing
around a tall beaker. The copper tubing was connected to the
water circulator in order to maintain the constant temperature.
The assembly was put in a dewar with water to create a constant
temperature bath. ...................................................................................128
Figure 72: The 20 micron sized squares are easily visible and the numbers
above them indicate the amount of electron beam exposure.................129
Figure 73: Samples exposed with UV light, developed and electroplated with
Co, Au, Cu. If the electroplating is only inside the template, they
look black, otherwise the metallic color is visible. ...............................130
Figure 74: FESEM pictures of Au nanowires from the cross-section of the
template (this template was electroplated with Au rather than Co
for better imaging purposes). After electroplating the template
was diced into two halves from the middle...........................................130
xix
Figure 75: After electroplating the 20 micron sized squares, the electroplated
regions are clearly visible to distinguish the plating threshold. ............131
Figure 76: This plot above shows the working range for ideal electro-plating
of the samples. The blue squares indicate 21 °C and the red
triangles indicate 25°C. There are certain windows for the
electroplating to happen depending on the temperature and
development time. We see that for 10 minutes developing time,
there is a gap in the working window. However for 20 minutes,
the working range is between 40-105 µC/cm2. If the development
time is longer, plating is observed, however it is not intense and
does not look homogenous. ...................................................................132
Figure 77: (Left) Co electroplated regions. (Right) Cu electroplated regions.
The exposure increases from left to right, top to bottom. Cu
electroplating looks more inhomogenous as compared to Co...............133
Figure 78: ESR spectra comparison of the e-beam exposure on PMMA (Left)
Before exposure (Right) After exposure. ..............................................136
Figure 79: Cross-sectional view of the gold nanowires inside the PS template
after oxygen reactive ion etching. The left side of the image
shows the Si substrate and evaporated gold layer on it. ........................140
Figure 80: Optical reflectance measurement setup for characterizing the
diblock copolymer templates with and without nanowires. S1, S2,
S3 are the slits; G1 & G2 are diffraction gratings; PM is photo-
multiplier, PbS is PbS cell, D2 lamp down to 190 nm and W1 is
lamp for higher wavelengths (~3200 nm). The measurements
were done in Toyohashi University in Japan and image provided
by Dr. Kazuhiro Nishimura. ..................................................................141
Figure 81: Optical reflectance curves for various nanowire templates. (Left)
Bare Co film on Au and Co nanowires inside DBCP template.
(Right) NiFe nanowires on inside DBCP template with two
different molecular weights...................................................................142
Figure 82: AFM image of P(S-b-MMA) copolymer template aligned on a
whole 4” Si wafer. .................................................................................144
Figure 83: AFM image of P(S-b-4VP) templates exposed with electron-
beams of increasing line dosages (nC/cm). The exposures are
triangles and squares of size 200 nm. (Image by Soojin Park)..............145
xx
Figure 84: AFM images of DBCP spin casted on Si substrates at different
spin speeds. All images are in height and phase mode of AFM............147
Figure 85: AFM (height and phase) images of the semi-finished solar cells
after DBCP alignment. The images clearly show that there is
strong alignment in the wells. The fast fourier transform (FFT) of
the image shows well alignment. ..........................................................149
Figure 86: SEM picture of the semi-finished solar cell substrates after CF4
reactive ion etching. ..............................................................................150
Figure 87: AFM pictures of DBCP alignment on glass substrates. (Left) the
crystal-like structures are visible but there is still alignment
around them. (Middle) The alignment is in the partially wetted
regions. (Right) A higher resolution scan of the wetted region. ...........151
Figure 88: AFM picture of the glass slide after etched with CF4. The pattern
is still clearly visible..............................................................................151
Figure 89: P(S-b4VP) aligned on silver film evaporated on glass slide..................153
Figure 90: P(S-b4VP) after solvent annealing in THF showing alignment
between SiOx gratings. The distance between two grating lines is
around 300 nm (AFM image by Soojin Park). ......................................154
Figure 91: SEM picture of P(S-b-MMA) template with Pd/Au sputtered on
it. The gold does not form a uniform film on the substrate and can
be clearly seen on the surface. Template provided by Cheol-Soo
Yang. .....................................................................................................155
Figure 92: AFM and SEM pictures of the transferred Au dots on the surface
of Si after removing the polymeric template with oxygen plasma.
(Left) P(S-b-4VP) (Right) P(S-b-MMA). .............................................156
Figure 93: Electroplating Ni into a P(S-b-4VP) template (images are 3x3
microns). (Left) After electroplating, some mushroom structures
are visible. (Right) After oxygen plasma cleaning, the template is
removed and only the electroplated region is visible. (Image from
Soojin Park)...........................................................................................157
Figure 94: Electro-etched patterns of silver on Si substrate (image size is 3x3
microns). (Left) AFM (Right) SEM images. (Images provided by
Soojin Park)...........................................................................................158
xxi
Figure 95: Square, circle and triangle patterns with size of 200 nm exposed
to P(S-b4VP) film on Si after surface reconstruction. The
exposure is 2,4, and 7 nC/cm from top row to down. ...........................159
Figure 96: Nickel dot arrays transferred on to the Si substrate via electron-
beam lithography through P(S-b-4VP) film. Scale bar shows 100
nm. Image from Ref 38. ........................................................................160
Figure 97: (Left) PS-P4VP etched with CHF3 for 60 s. (Right) PS-PMMA
etched with CHF3 for 240 s under same conditions. .............................164
Figure 98: After 5 nm of Ni with angle evaporation on developed PS-PMMA
template. ................................................................................................166
Figure 99: (Left) PS-PMMA film with Cr coating etched with SF6+CF4
mixture (each 25 sccm), RIE=100 W, ICP= 20 W, P=100 mT for
45 seconds. (Middle) Slightly lighter conditions, RIE=ICP=30 W,
P=50 mT, SF6 25 sccm for 40 seconds.(Right) The same
conditions as the middle one, just etched for 80 seconds. The Fast
Fourier Transforms of the images (right-upper corner) indicate
ordering. ................................................................................................167
Figure 100: Samples etched under the same conditions, only one etchant was
exchanged. (Left) #4, SF6+CF4 (Right) #5, SF6+CHF3........................169
Figure 101: Sample etched like #4; SF6+CF4 for 45 seconds. A wavy pattern
is observed but the ordering is still preserved. ......................................170
Figure 102: The curve showing the power density vs wavelength for sunlight
through atmosphere, AM 1.5. (From reference )...................................175
Figure 103: Typical I-V plot of a solar cell under illumination. The voltage
and current values measured from the graph are used to calculate
the fill factor (FF). .................................................................................178
Figure 104: I-V curves of plain Si with block copolymer mask and semi-
finished solar cell. These curves are measured after etching with
CF4.........................................................................................................179
Figure 105: AFM scan of the sample which was ion beam etched through the
nanoporous PS-PMMA mask and oxygen plasma cleaned...................182
xxii
Figure 106: Plain Si and Si surface with nanoporous PS pattern were etched
together and the substrate with PS template shows significant
decrease in reflectivity. (Right) SEM picture from the cross-
section....................................................................................................184
Figure 107: Ellipsometry Measurements of the samples etched for 5,15, and
25 minutes. Even though they all have Si pillar structres, they
show quite different ellipsometric data. ................................................185
Figure 108: Extinction/Absorption Measurement Setup for measuring the
plasmonic properties of samples. (Spectrally and angle resolved,
Marc Achermann Lab). .........................................................................186
Figure 109: The AFM images of the gold dots on glass slide prepared from
PS-P4VP templates using gold salt. Images are 2x2 microns.
(Left) Height mode (Right) Phase mode. (Courtesy Soojin Park). .......187
Figure 110: The extinction versus wavelength graph of gold dots on glass
substrate measured at a fixed incident angle. The gold dots were
prepared at various spin coating speeds of 2,3,4,5 kRPM. ...................188
Figure 111: Normalized absorption curves for silver film on glass substrate
measured by the spectrometer setup through normal incidence
and the UV-VIS instrument...................................................................190
Figure 112: Extinction peaks versus wavelength (400 to 1000 nm) and
incident angle (40 to 65 degrees) plots for each silver film with
increasing dielectric spacer thickness. (Left-Top) 3 nm (Right-
Top) 6 nm (Left-Bottom) 10 nm (Right-Bottom) 15 nm. .....................191
Figure 113: Roughness of silver film as evaporated on glass slides. The total
thickness is ~50 nm. ..............................................................................192
Figure 114: Silver film with after oxygen plasma cleaning. (Left) Edge of the
glass slide (Right) The middle of glass slide.........................................193
Figure 115: The fabrication scheme of holey silver films on glass. (a)
Microscope cover glass slides are cleaned and PMMA is spin-
casted to give a thickness of ~300 nm. Evaporated with a thin
layer of gold (~5 nm) and electron beam exposed with various
doses. (b) Gold layer is removed using KI solution (c) Exposed
regions in PMMA is developed by MIBK:IPA (1:3 by volume)
solution and silver is evaporated. (d) The rest of PMMA pattern
is removed by acetone lift-off................................................................202
xxiii
Figure 116: The ‘holey’ film region. (Left) The AFM image of the regions
after developing. (Middle) The optical microscope image
showing the 5 micron square regions. (Right) The red colored
region is where the electron beam exposure happens. ..........................203
Figure 117: The ‘holey’ film after developing. The exposed area is small as
compared to the un-exposed region.......................................................203
Figure 118: The common ‘holey’ patterns in most of 72 of silver films. It
seems like lift-off step has problems due to proximity exposure..........204
Figure 119: The best looking holey patterns in silver. These are achieved
after trying out 72 different parameters.................................................205
Figure 120: The fabrication scheme of holey silver films on glass through
etching of silver film in the end. (a) Microscope cover glass slides
are cleaned, silver is evaporated and PMMA is coated both at a
thickness of 200 nm.. (b) PMMA is exposed by e-beam and
developed (c) The silver film is etched through the holey PMMA
mask. .....................................................................................................206
Figure 121: Etching of silver film using KI solution. The optical microscope
pictures shows that residue remains on the surface and the sharp
image looks fuzzier which might be due to the isotropic etching. ........207
Figure 122: Etching of silver film via anodization. The pattern looks fuzzier
which might indicate that it is even more isotropic. .............................208
Figure 123: Silver and PMMA mask after CF4 RIE etching. PMMA easily
degrades and the pattern is lost..............................................................209
Figure 124: PMMA patterns on silver film. (Left) Before IBE (Right) After
IBE where the bubble formation is observed. .......................................211
Figure 125: Bull’s eye structure made by electron beam lithography. ....................214
Figure 126: The optical microscope images of holey silver film. Both images
are with back illumination and dark regions are showing the
silver film. (Left) The triangles are the indicators for the pattern
and the squares are where the holey regions with different hole
sizes. (Right) Higher magnification of the 300 nm holes with 550
nm separation. .......................................................................................215
Figure 127: AFM images of holey patterns in silver film with PMMA on the
surface. (Left) 400 nm holes (Right) 200 nm holes...............................216
xxiv
Figure 128: Transmission measurements perfomed on the 200 nm holes with
550 nm periodicity in silver film. The measurements are showing
two plasmonic modes through the holes. ..............................................217
1
CHAPTER 1
INTRODUCTION
1.1 Introduction to Nanophotonics
Nanophotonic structures are everywhere! From human teeth, to butterfly wings,
from medieval stain etched glass windows to today’s plasmonic structures. They are
either natural or man-made. Currently they have been an inspiration for scientists to
mimic and create artificial nano-structures, which can be used in various photonic
applications.
1.2 Photonic Structures in Nature
Some of the colors produced in nature are due to interference, diffraction and
scattering. Butterflies, bird feathers (especially peacocks) and beetles are well known
examples for these structures1. These are due to periodic structures or a combination of
pigmentation and periodicity (see Figure 1).
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Figure 1: A close up view of the scales on a butterfly wing (image from Wikipedia)
While some insects use arrays of elements, known as nipple arrays, to reduce
reflectivity (will be mentioned in Moth-Eye Effect Section in details), some butterflies
use multiple layers of cuticle and air to produce striking blue color, giving an
impression of metallic-like glossy surfaces. For example the iridescent blue of “Morpho
Rhetenor” butterflies have ultralong-range visibility up to half a mile which is attributed
their photonic structures2.
Photonic crystals are characterized by a refractive index which varies
periodically in a crystalline lattice with characteristic period comparible to the
wavelength of electromagnetic waves. In well-defined frequency ranges, called band-
gaps, the propagation of electromagnetic waves are strongly affected in a specific
direction. These photonic band-gaps cause certain frequencies of light to be strongly
reflected. The affected frequency of the light strongly depends on the lattice constant
and the number of periods.3 These structures, already have applications in more efficient
laser manufacturing. However, present-day techniques are not capable of providing
large-area structures covering the entire visible spectrum4. When analyzing these
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photonic structures, scattering and diffraction theories have been applied to images in
order to resolve the structures5.
Whiteness is due to scattering for all visible wavelengths. Snow, milk or human
teeth are good examples of this which is due to multi-wavelength scattering. Two-
dimensional fast Fourier transforms (FFTs) of electron microscope images of these
structures have confirmed the absence of well-defined periodicity6.
All these natural photonic structures can be used as inspiration to fabricate new
products including smart papers, textiles, and more efficient flat panel displays that
mimic butterfly wings7. It is reasonable to expect that self-assembly will play a key-role
for extending the fabrication of structures like these to a large scale with high
production throughput. For this reason, in this work block copolymer patterning, in
conjuction with electron beam lithography, was investigated as a route to fabricate
photonic structures.
1.3 Anti-Reflective Coatings and Solar Cells
When light is incident on a surface, it is reflected, refracted, transmitted or
absorbed. For solar cells or photovoltaics, most of the useful spectrum of the light is
desired to be collected in order for the cell to perfom with maximum efficiency8. Anti-
reflective coatings are commonly used in order to minimize light reflection from the
surface of solar cells9.
In recent years, due to global warming issues and the high energy demand,
photovoltaics have become more important than previously. The photovoltaic effect was
first discovered by Edmund Becquerel when he was experimenting with an electrolytic
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cell made up of two metal electrodes in 1873. In 1904 Einstein published his paper on
photoelectric effect. The growth of single-crystal silicon was developed by the Polish
scientist Czochralski in 1918. With the invention of first transistor at Bell Labs, and p-n
junctions demonstrated as solar cells, photovoltaics became commercially viable. The
first satellite was launched with photovoltaic arrays in 196410. The cells turned into
arrays, arrays turned into modules and modules in to solar energy farms. Now there are
many research centers and photovoltaic power plants all around the world, but the main
problems preventing wide-spread use are still there: cost and efficiency11.
In photovoltaic energy conversion there are three basic steps:
1) Light absorption
2) Charge separation
3) Charge collection
In the standard p-n junction solar cell, the absorption happens via band-gap
excitation of the electrons of the semiconductor in the bulk of the semiconductor, the
internal electric field that is created by the p-n junction separates these electron-hole
pairs to the electrical contacts. The steps listed above target different efficiency
considerations. Light absorption optimization is usually targeted mainly with the
semiconductor band-gap engineering and with optical designs.
Today, crystalline silicon remains the dominant photovoltaic material. The
bandgap for silicon is about 1.1 eV at room temperature, allows it to absorb solar
radiation well into the infrared part of the spectrum. As light passes through the
atmosphere, an increasingly larger fraction of the spectral power is in the red end of the
spectrum. Since Si is an indirect bandgap material, the absorption of photons is
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relatively smaller than direct bandgap materials. Due to surface reflection, many
photons never make it into the material and are essentially wasted. In addition, some
photons will travel completely across the cell to the back of the cell without being
absorbed. Clever designs are used to increase absorption (see Figure 2). One of the most
effective ways of doing this is surface texturing and coating with an anti-reflecting film.
Figure 2: Cross section of the common silicon p-n junction solar cell
Texturing causes reflected light to strike a second surface before it can escape,
increasing the probability that the light will be absorbed, because silicon’s high index of
refraction varies from n=3.5 at 1.1 µm to n=5.6 at 0.4 µm, produces a large reflection
coefficient across the solar spectrum12.
In this work, groove etching was carried out using KOH solutions and Si3N4
antireflection coating has been applied. Typically 5 micron wide, 50 micron center
grooves were used. Substantial efficiency increase was measured at ~20% at 100 suns,
(Air Mass) AM1. Optimization of antireflection coatings for Si solar cells with different
morphologies (planar or V-grooves) has been a deep area of interest (see Figure 3). The
Top side metallization gridSunlight
Anti-reflection coating
0.5 µm n+ emitterAverage phosphorus~1018cm-3
~100-300 µm Boron~1016cm-3
p base
Optional p+ back
surface diffusion
Back side
metallization
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reflectance measurements were carried out using a hemispherical measurement setup13.
The microgrooves have two advantages:
1) Many of the incident rays must intercept the surface at least twice before
reversing directions; and
2) many of the reflected rays are trapped inside the module encapsulation due to
total internal reflection at the glass-air interface14. There is also a work on coating the
micro-grooved surfaces with a thin film to merge light trapping and an anti-reflecting
coating15.
Figure 3: Micro-grooved surfaces via chemical texturing on semiconductor surface
The optical designs are mostly anti-reflective coatings made with chemical vapor
deposition. One main challenge is that the index of refraction of the anti-reflective layer,
which is constrained with the material used, should match the index of refraction of the
substrate. But effective medium theory provides a route to various index of refraction
materials with “moth eye effect”16. The details will be discussed in the following
chapters.
Incoming Ray
Bulk semiconductor
Semiconductor
surface
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1.4 Plasmonics
Plasmon resonances are the collective oscillations of the electronic charge
density in metals. There are two types of plasmon resonances:
1) Surface plasmon polariton (SPP) waves; propagating along a metal– dielectric
interface
2) Localized surface plasmon (LSP) modes, confined to subwavelength metallic
objects.
Plasmon resonances have both high-field intensities and frequency selectivity so
they can be used for new photonic devices and can be integrated on very small surfaces.
Plasmons can become localized if the field fluctuations become spatially pinned and
disconnected from each other, resulting in large field enhancements. If the surface
plasmons scatter off the structures on the surface and if they are periodic, Bragg
plasmons (travelling Bloch mode) can occur and travelling Bloch waves, with different
standing wave distributions, can emerge. If spherical cavities are involved, the modes
can be modeled using a Mie scattering approach and referred to as “Mie” plasmons.
(Because they are localized, they can directly couple to optical fields and are nearly
isotropic.) 17
An evanescent wave is a nearfield standing wave exhibiting exponential decay
with distance. Optical evanescent waves are commonly observed in situations of total
internal reflection.
Plasmonics can also help to resolve diffraction-limited objects. The diffraction
limit of light is caused by the loss of evanescent waves in the far field. In a recent work,
using cylindrical metamaterials consisting of a curved periodic stack of Ag and Al2O3
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deposited on a half-cylindrical cavity fabricated on a quartz substrate, resolution down
to 130 nm was demonstrated using 365 nm of incident light (with NA=1.4). The angular
momentum is conserved and the tangential wave vectors are compressed as the waves
travel outward18. With the use of a magnifying superlens, a resolution of 70 nm can be
achieved. These results are to be compared to conventional optical microscopy, where
the diffraction is limited to approximately 200 nm19.
Remarkable optical properties of metallic nanostructures have recently been
observed. They can be used in surface-enhanced Raman scattering experiments20, for
the fabrication of plasmonic band gaps21 and to enhance transmission through small
apertures22. The latter, extraordinary light transmission, can not be explained with the
laws of normal diffraction.
If there are two metallic structures separated with a dielectric layer (e.g., silver
film with a SiO2 spacer and Au), the absorption spectra behaves differently. As the
spacer layer thickness is increased, the extinction photon energy is blue shifted which is
due to the enhanced near-field interaction between the localized wire plasmon and its
induced image when reducing the spacer layer thickness. The periodic structure allows
for additional control of the coupling phenomena23.
1.5 Route to Fabrication of Nanophotonic Structures
Creating methods to fabricate these nanophotonic structures has been another
area of current interest. There are numerous methods for fabrication under investigation.
In this work I will discusss electron beam lithography, block copolymer lithography and
a combination of both for the fabrication of these structures.
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CHAPTER 2
BASIC THEORY FOR NANOPHOTONICS
2.1 Anti-Reflection
Anti-reflection or anti-reflective coatings are known to be optical coatings that
reduce the reflection from the surface of optical materials. The coatings or films can be
designed to work in ultraviolet (UV) to visible (visible) and even in microwave ranges.
They might be single-layer, or multi-layer, depending on the purpose and application.
2.1.1 Reflection from a surface
When light is incident on the surface, part of it will be reflected and one part will
be transmitted with refraction. If the amplitude of the incident light is E0, then the
amplitude of the reflected part is ρE1, and the amplitude of the transmitted part is σE1
(see Figure 4).
Figure 4: Light incident on a surface with reflected and transmitted amplitudes
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The reflection coefficient is given by the relation between indices of refraction
of both medium at normal incidence1.
(1)
10
10
nn
nn
+
−
=ρ
The reflectivity is:
(2) 2ρ=R
For example for light incident on glass n0~1.5 and n1=1 for air so
(3) 04.0)5.2(
)5.0(
2
2
=
−
=R .
2.1.2 Calculation of Path and Phase Difference
Figure 5 below is a geometrical construction for calculating the path difference between
two surfaces.
Figure 5: Path difference geometrical construction
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The path difference ∆, between two adjacent components is pl −=∆ 2 . From
Figure 5 above; tl =θcos , pd =θsin2 and t
d
=θtan . If we re-write the path
difference:
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If the angle θ=0 then ∆=2t which is when the incidence is perpendicular to the
surface. Maximum interference is when λm=∆ that is when the path difference is an
integer multiple of the wavelength. The phase difference δ, is the path difference in
units of wavelength as a fraction of 2pi. The wavelength in the medium is reduced by
index of refraction n. So
n
k λpiδ
∆
=∆= 2 or λpiδ
∆
=
n2 . If we substitute ∆, the phase
difference in medium 1 with index of refraction n1 is:
(5) θλ
piδ cos22 11 t
n
= .
2.1.3 Reflection from two Surfaces and Transmission
Let E0 be the intensity of light in medium 0 going through medium 1 and 2. The
indices of refraction are n0, n1 and n2. Also, ρ: Reflection; σ: Transmission coefficients.
14
Figure 6: Multiple transmission and reflection coefficients
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(6) ( )...1 2222121021 +++= −− δδ ρρρρσσ iiT eeEE
e-iδ factors come from the phase differences. If δρρ iex −= 21 then
( ) δρρ
σσσσ
σσ iT e
E
x
E
xxEE
−
−
=
−
=+++=
21
0210212
021 11
...1 .
The time averaged transmitted energy is ∗= TTT EEI 2
1
. So:
( )
( )( )δδ ρρρρ
σσ
iiT ee
EI
2121
2
021
112
1
−−
=
−
and let
2
2
0
0
EI =
(7) ( )
2
2
2
121
2
2
2
10
2
2
2
121
2
2
2
10
cos21
1
ρρδρρ
σσ
ρρρρ
σσ
δδ
+−
=
++−
=
−
II
ee
II
T
iiT
Assuming there is no absorption, then
0I
IT T= and 1=+TR so
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By continuity we can use 121
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2
2
2
2 =+ ρσ because R=ρ2 and T=σ2.
If we substitute these in the equation above, we get:
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This equation above gives us the reflectivity at arbitrary angles.
2.1.4 Simplifications for Anti-Reflection Film
At normal incidence; 0=θ so λ
piδθλ
piδ tntn 1111
4
cos22 =⇒= . If we want the
incident and reflected beams to be out of phase to cancel each other, then piδ =1 and
this condition is satisfied when
14n
t
λ
= . This is why a quarter wavelength thickness
satisfies the phase condition. When we meet the phase condition which is piδ =1 ,
1coscos 1 −=⇒ piδ in the reflection equation above and it reduces to
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indices of refraction, if we plug in these in the reflection equation above, we get:
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We see that for the reflection to reduce to 0, 20
2
1 nnn = which is 201 nnn = and
this is called the amplitude condition. For example in order to reduce the reflection on
the surface of glass, we need to use a material with 22.1
0.1
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=⇒


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=
=
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n
n
. In many cases
MgF2 (n=1.384) is used. It has a index of refraction close to 1.22 but not an exact
match2. The antireflection coating is analogous to impedance matching of electrical
signals in transmission lines. Antireflective layers have been used from visible to
terahertz frequencies.3
In Table 1, the refractive index versus reflectivities are listed for various
materials used in our experiments4. Reflectivities at normal incidence are measured
based on medium 1 being air. These reflectivities are for visible wavelengths. It should
be noted that single crystal silicon is an odd material that has interesting optical
properties. The index of refraction starts from 3.5 at visible wavelengths and peaks to
almost 7 at UV wavelength (~350 nm) which makes it quite reflective in UV.5
Theoretical calculations predict this result as well6. This measurement is based on room
temperature (300 °K) conditions, which is an important factor for the optical properties
of Si.
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Medium Refractive index Reflectivity [%]
Air (20°C, 1.012,25 hPa) 1.0002734 -
Water 1.33 2.0
Ethanol 1.336 2.1
Glass 1.5-1.55 4.4
Diamond 2.4 16.9
PMMA 1.49 3.9
Polycarbonate (PC) 1.58 5.0
Polystyrene (PS) 1.59 5.2
PMMA-PS copolymer 1.56 4.8
Silicon 3.87 34.7
Silicon Dioxide 1.46 3.5
Medium 1= air
Table 1: Refractive index and reflectivity percentages at normal incidence for
various materials (Source: David R. Lide, “CRC Handbook of Chemistry and
Physics”, CRC Press, 2006).
For highly refractive materials the reflectivity is higher. For diamonds and other
gemstones, for example, the high refractive index causes a high reflectivity, which is the
reason for their brightness.7
In general the refractive index that satisfies the amplitude condition is
polarization dependent. But for simplicity we are using the perpendicular component at
normal incidence which is 201 nnn = .
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If the opposite effect is desired (as a retroreflective microsphere), some
nanocrystalline compositions are used in the TiO2-ZrO2-Al2O3-SiO2 quaternary. These
materials have index of refraction larger than 1.7 and can be transparent or colored8.
To summarize, we need two conditions for an anti-reflective film: thickness and index
of refraction. Figure 7 shows these two conditions.
Figure 7: The phase and the amplitude conditions for an anti-reflective film.
2.1.5 AR Coating Methods
Anti-reflection (AR) coatings can be fabricated vacuum based or sol-gel based
which reduces the cost. Sol-gel chemistry involves the use of inorganic salts or metal
alkoxides as precursors that might go hydrolysis or polycondensation reactions when the
precursors are mixed with water and catalyst. Sol-gel films can be coated by various
methods (dip coating, spin coating, or meniscus coating) and have the advantage of low
cost9.
n0 n1 n2 
14n
λ
λIncident light Transmitted wave
R1
R2
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A direct method of achieving a highly transparent surface is plasma coating.
This transparent coating of metal oxides is applied to a given substrate, which matches
the substrate optical properties for a given window in the optical region. The thickness
is determined by the optical wavelength and is equal to ¼ of the wavelength for which
reflectance should be blocked. The advantages of this process is that even complex
shaped geometries can be coated at reasonable cost. However, plasma coating is an
expensive, low-throughput, and sophisticated high vacuum process. Sometimes it is
necessary to apply as many as 10-15 different layers, which is an obstacle to mass
production of low-cost consumer goods. Also, it is very difficult to adjust completely
the absorption characteristics of the coating to the whole optical range of about 400-800
nm. This trade-off between cost and demand leads to the acceptance of slight
fluctuations that give rise to colors occurring on the coated substrate especially when
tilting the substrate to the incident light. Here the change in penetration depth causes
colors to occur due to absorption and intereference phenomena. Although plasma
technology is very well developed, major inherent drawbacks such as interference colors
and expensive processing are still not overcome. It is worthwhile to consider the
feasibility of alternative methods of achieving anti-reflective properties on polymers and
glass7.
The use of porous silcon10 is also another method which has been reported for
AR fabrication on Si solar cells. It has been shown that porous Si can serve as a
broadband antireflective layer due to graded index of refraction behavior which makes a
better impedance matching.11,12,13. Recently reported “black silicon” is seen as an
alternative way of applying an AR layer on Si to be used for solar cells. In this technique
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gold nanoparticles coated on the surface of silicon act as a catalyst and silicon is
chemically etched14. Bursts of lasers are also used to make “black metal” that reduce
reflection on top of the surface due to the nanostructures created with intense power15.
2.1.6 Effective Medium Theory
A different approach to produce an AR coating, is to pattern the substrate with a
periodic structure consisting of a dense array of microscope topographic features
(pyramids or columns) 16. If the optical material has structures larger than the
wavelength of light, its influence on the propagation of light maybe described by the
laws of diffraction, refraction and reflection. For effective medium, the periodicity must
be smaller than the shortest wavelength of the incident light in the visible range. If the
pore size is much smaller than the visible wavelengths, the effective refractive index of
the nanoporous medium is given by an average over the film17. If the scale of the
structure is substantially smaller than the wavelength of light, it will not be resolved by
the light and the light “sees” a composite material of which the optical properties are
between those of air and those of the base material.
If the film consists of a graded-index coating, then it serves as a broader
wavelength anti-reflection coating18. Omni-directional and broadband antireflection
characteristics are often required for applications such as solar cells or image sensors19.
This phenomena is not actually new, it already exists in nature and known as the “Moth-
Eye” effect. It was first discovered by Bernhard in 1967 who postulated that the gradual
change of refractive index which reduced the reflection over a wide spectral and angular
bandwidth and improved the moth’s camouflage20.
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By varying the fraction of material that is removed, it is possible to control the
effective refractive index and add to the range of materials that are available to the
optical designer21. Most common effective medium approaches are Maxwell-Garnett or
Clausius-Mossotti approximations. Effective medium theory is also known as mean-
field theory or homogenization. But it was shown that ignoring the fine geometry even
in the long-wavelength limit is inadequate22.
The refractive index of a material is related to its density. By introducing
nanoscale porosity, the average material density decreases, resulting in a smaller
refractive index. The relation between the density and the refractive index of such
porous materials is
(12)
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where np and dp are the refractive index and density of the porous material and nc and dc
are the refractive index and density of the solid material17. In terms of porosity:
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P is the percentage of porosity.
When P= 0% (no pores) ⇒ np=nc
When P= 100% (no solid material) ⇒ np=1 (air).
This was demonstrated recently by creating a nanoporous polymer film by
selectively removing one of the two polymers. For pore sizes comparable to or greater
than the wavelength of light, the film appears opaque because the light scatters off the
porous structure. If all length scales of the lateral phase morphology lie much below all
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optical wavelengths, the nanoporous film remains transparent. A remarkable difference
is detected when the reflection of a film-covered surface is examined: The nanoporous
layer reduces the intensity of reflected light. After coating both sides of the glass slides,
has shown a (for one reference wavelength) transmission close to 100%23,24. Another
group has also used this method of etching PMMA from the surface and have made sub-
wavelength structures to decrease the effective refractive index. They have performed
dry etching with Ar and oxygen gases on the surface of PMMA coated substrate.25
The advantages of using polymers directly as AR (anti-reflective) coatings:
- Just by changing the spin coating speed, the film thickness can be changed.
- By changing the fraction of a polymer, the porosity can be controlled, therefore
the index of refraction.
- Double layer coatings can be used to cover the larger areas of the spectrum by
repeated spin-coatings.
However, the biggest disadvantage is that the polymers may degrade with UV
light.
In one work, a solid Si structure with AR coating was demonstrated by electron
beam lithography and dry etching done on Si surface and a broadband AR layer was
fabricated26. The surface was composed of a square grid of 350-nm-high pyramids
etched into silicon grating with a period of 150 nm. Under illumination at normal
incidence, the reflectivity of the antireflection surface does not exceed 4% over a broad
spectral domain from 200 nm to 1100 nm. For comparison, the reflectivity of bare
silicon substrate is above 40% in this spectral domain. In nature similar structures exist
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on moth eyes or as corneal nipple arrays in the nymphalid polygonia c-aureum. In the
work done by D. G. Stavenga and others27, they have analyzed and modeled the corneal
nipple arrays of various butterflies (using SEM and AFM). The nipple geometries they
used in their simulations were cone, paraboloid and Gaussian. They used the effective
medium theory from Bruggeman28 and the effective refractive index is, approximation
only:
(14) )1( ffnn ce −+=
Where ne is the effective index of the nipple array, f is the fraction of the
porosity of substrate (corneal material in their case), and nc is the refractive index of the
substrate. This effective index of refraction is simply the weighting formula.
In the work done by Wei-Lun Min et al. 29 and H.L. Chen et al.30, sol-gel glass
and Si pillar arrays were made and reflection experiments were done with theory. In
their theory (same as in the work of D. G. Stavenga), the radius of each layer is:
(15) ( )21 hzrr ∗∗ −=
where hz ≤≤ ∗0 and z* is the z-coordinate. They have modeled paraboloid with
base radius r and height h.The fraction of silicon in each layer is:
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where D is the diameter templating silica particles. So the effective refractive
index at each layer of height z* is:
(17) ( ) ( )[ ]{ }qqairqSi nzfnzfzn 11)( ∗∗∗ −+= where q=2/3
24
To check this equation above: If we are at the peak of the nipples, z=h, then the
radius of each nipple is r*=0 and 0)( =hf and airnhn =)( .
2.1.7 Moth Eye Effect
On moth eye (see Figure 8 and Figure 9), there is a natural anti-reflective layer
which are like hexagons on the order of 200-250 nm in diameter and height31.
Figure 8: Picture of a Moth Eye Compound Eye (with permission from reference
32)
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Figure 9: The AR nipple arrays on the compound moth eyes (with permission from
reference 33)
The reflection and transmission properties of such surfaces are shown to be
equal to those of the best multilayer antireflection coatings. This effect should not be
confused with the reduction in specular reflectance by roughening (used in non-
reflecting picture glass) where the light goes through diffuse scattering and degrades the
transmitted intensity. The dependence of the reflectance on the effective thickness (t) of
graded refractive index and on the wavelength (λ) has been studied by Rayleigh34. He
has shown that if t/ λ~0.4, the reflectance falls monotonically to a minimum value. It is
interesting to note that the spacing of the protuberances are around 200-250 nm35. Also
according to Rayleigh formula the scattering cross section S is approximated:
(18) 4
6
λ
dS ∝
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Where d is the diameter of the particle that light is incident on, and λ is the
wavelength, that means for such small structures, the scattering cross section is very
low.
The moth eye structure gradually matches the optical impedance of one medium
with that of its neighbour across the interface which is achieved by incorporation of
arrays of tapered elements, described as nipple arrays, across the boundary. The reduced
reflectivity from the surface enhances the photon collection efficiency of the visual
system. As well as enhancing transparency in certain insects, these nanostructure may be
associated with the colour black36.
The principle has long been known in microwaves and acoustics. If there is a
gradual change of index, it can be regarded an infinite series of reflections at each
incremental change in index. Each reflection coming from a different depth from the
surface will have a different phase. Man-made moth eye structures can easily be made
using interference fringe patterns of a laser beam on glass substrate coated with a
photoresist37.
The moth-eye effect can be abrupt or gradual (“adiabatic”). In the abrupt case,
the AR layer can still be porous but the thickness is quarter wave. In the case of gradual,
there is no abrupt thickness change but rather like a horn as in impedance matching.
In another work where the period and depth of the surface gratings were studied
for solar applications, it has been shown that the effective medium theory (EMT), might
fail when higher diffracted orders begin to propagate, which in this case requires a time-
consuming treatment of the diffraction problem. The fill factor and effective refractive
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index was simulated for TE and TM waves for period size smaller or comparable to the
wavelength38,39.
2.1.8 Anti-Reflective Coating for Silicon
For a high-index material such as silicon, the surface reflection is about 35% of
the incident light in an air environment40. For the wavelength where zero reflectivity is
desired (~600 nm), the thickness of the coating would be 75 nm41. Such antireflective
coatings must also be highly transparent in the solar spectrum, stable, and resilient to the
environment. Although photoresist is easy to fabricate with, it is highly absorbent in the
blue.
From a purely theoretical point of view, if the reflection were to be eliminated
entirely, there would be about 54% more energy available to the device over the
uncoated state. But this is not possible, the main reason for this is that the zero
reflectivity occurs only at one wavelength, not throughout the entire spectrum5.
2.1.9 Nanoporous Template Fabrication by Nanopattern Transfer
This method describes how an optimally antireflective film can be produced by
creating a nanoporous film of the specific index of refraction and thickness required by
the conditions for antireflection.
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Figure 10. Concept for fabricating a nanostructured antireflective layer on a solar
cell or other optical medium
Figure 10 shows the key concept behind this method. The central idea is to nano-
etch nanopores in the underlying optical media at a porosity that achieves the requisite
index of refraction and to the requisite depth. This method has the following
advantages:
1) Wider range of index of refraction: The index of refraction of the surface can
be tuned for values between solid and air. This is more advantageous than coating the
surface with a film. Because in the case of a coating; the index of refraction of the film
is limited for values between air and the film. This is especially important for solar cell
substrates where a certain window of the spectrum is desired to be non-reflective over
the surface. Unlike porous films, the surface will have a periodic structure, which will
make the moth-eye effect more intense42.
2) Applicability to other types of solar cell substrates and optical structures: The
pattern transfer is not only limited to silicon substrates. It can be applied to more
efficient cells like GaAs or InGaAs cells.
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As integrated circuit technology advances and the size of transistors shrink, there
is more demand for deep UV applications, so deep UV optical components and coatings
gain more importance. It is difficult to find a UV resistant polymer. Most polymers
degrade at intense UV light. Lenses made out of quartz which is transparent at UV, need
to have a coating. Also at UV wavelengths, the thickness of the antireflecting coating
should be a couple of tens of nanometers only. At this size scale, metamaterials would
be very advantageous.43 In one study nano-etched quartz was used to produce AR
coatings. This method of etching quartz (Cr+DBCP deposition on quartz, then
selectively etching both and transferring the pattern) would be feasible to make very fine
structures.
With the emerging small size scale of microelectronics and the new search for
DUV or EUV optical systems, many labs are seeking for UV components that can work
at very short wavelength UV light. At UV wavelengths, since most polymers are
degradable it is hard to find a polymeric coating. If one intends to utilize a moth-eye
structure as an UV antireflective coating, then the size structures should be well below
100 nm. (That is, if λ/4n, where λ=400 nm and if n~2, then the structures need to be
around 50 nm).
3) UV light resistant: Since the porous structure is a part of the substrate, it is
much more wear resistant as compared to films.
4) Low top contact resistance in solar cells: For solar cell applications the top
contact or grid resistance is a problem due to small foot-print area and there are studies
to reduce it, using buried contacts or other approaches. When the surface is nano-
textured, the total surface area will be much more as compared to a flat surface. This
30
will enable the use of finer grid lines for the top contact and therefore more light will
enter the cell.
5) Lower pinhole defects: Again in solar cell applications, as a way of light
trapping, the surface is chemically textured most of the time in order to have micro
pyramids that can trap the light better through internal reflections. But this method is
done by chemical etching and sometimes pinholes are created between the top n++ layer
and p-substrate. These pinholes, create short circuit paths and lower the overall
efficiency of the cells. But in dry etching, using RIE, for example, the thickness of
texturing is much lower and in a more anisotropic controlled way.
2.2 Plasmons
The history of plasmons dates back to quite many years ago but with the
discovery of negative index of refraction materials in year 2000 which has brought
excitement for cloaking, flat superlenses, artificial metamaterials that work at different
wavelengths has also accelerated plasmonics research. (The combination ε < 0 and µ < 0
leads to a negative refractive index, n < 0.) Over the time by decreasing the size scale,
these metamaterials, covered the regime from THz down to visible wavelength. One
example consists of an array of split ring resonators. Since silver exhibits the lowest
losses at optical frequencies, using Ag can increase the figure of merit (ratio of negative
to the imaginary part of n) 44.
The behavior of the electrons in a dense electron gas and their density fluctuations was
analyzed theoretically by D. Pines and D. Bohm45 in two components:
1) Organized oscillation of the system as a hole (plasma oscillation)
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2) Random thermal motion of the individual electrons (no collective behaviour).
R. H. Ritchie studied the angle-energy distribution of fast electrons losing
energy to the conduction electrons in a metallic foil which is due to by collective and
individual interaction characteristics46. Later E. A. Stern and R. A. Ferrell47 reported
(theoretically) that a very thin coating of 2 nm thick, can produce a significant effect and
suggested the angular dependence of the intensity of the energy loss. Later on J.B.
Pendry48 et al., have proposed the theory of periodic structures built of very thin wires
which could enhance the effective electron mass through self- inductance and therefore
carry out the plasma frequency into the far infrared or to GHz band which could also
have a possible impact on superconducting properties.
Plasmons are in general two kind; volume and surface plasmons. Volume
plasmons (bulk plasmons) are different than surface plasmons. Volume plasmons aren’t
excited by light at normal incidence. But in general they are all oscillations of
fluctuations in charge density. Most common ways of creating volume plasmons is with
a beam of electrons or other charged particles. Also bulk plasmons are purely
longitudinal and cannot couple to transverse electromagnetic waves.
32
Figure 11: Interface of dielectric and metal for calculating perpendicular electric
fields.
The surface plasmon frequency can be calculated through the electric field at the
interface (see Figure 11).
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. The coupling of surface plasmon to light
by means of surface roughness effect can be observed with a dip near 340 nm for
unannealed silver films. The reflectance can be as much as 30% for samples with rms
surface roughness of 24 Å50. The surface plasmons can also be excited by electron
beams51. Surface plasmons are also two kinds as mentioned in the introduction chapter:
Surface plasmon polariton (SPP) waves; propagating along a metal– dielectric interface
Ez=0+
Ez=0-
Metal
Dielectric
33
and localized surface plasmon (LSP) modes, confined to subwavelength metallic
objects.
2.2.1 Surface Plasmons
Surface plasmons are free oscillations of electrons at the surface of a metal.
Especially with advanced imaging and nano-fabrication techniques, new structures have
been developed and exciting developments have been achieved with the usage of
surface plasmons.
Figure 12: Surface plasmons at the metal dielectric interface for a TM surface
wave.
If we write the E and H components of the EM wave at the boundary (see Figure
12), we will get the following equations:
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If we apply the boundary conditions:
E||,d=E||,m and H||,d=H||,m (Ex,z>0=Ex,z<0 and Hy,z>0=Hy,z<0)
which gives us: Ed=Em and
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Also from the dispersion relation of this wave propagating at the interface after
applying the boundary conditions we can find:
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If we solve these three equations above we get the dispersion relationship on the
surface which is:
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As an example for silver in the red part of visible spectrum ksp=1.03k0 (surface
Plasmon momentum vector) where k0=ω/c (free space photon). Silver also has lowest
losses with propagation distances of 10 to 100 µm. This is why it is quite preferable as a
plasmonic material53.
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The sufficient conditions for the surface plasmons are:
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Metals usually have a dielectric constant of ∞− to +1. Also if we use equations
(19) and (20) we get the decay rates (also see figure 13):
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Figure 13: Decay lengths at the boundary of metal and dielectric layer
If we compare the length scales
md αα
11
> , (see Figure 13) in the dielectric it is a
few hundreds of nanometers and in the metal it is only a few tens of nanometers54. This
is why the re-emission of plasmonic radiation can not be imaged directly—it is an
evanescent wave which can not propagate into free space and it is non-radiative.
Coupling to the surface plasmons is also another issue and will be mentioned in the
following chapter. But what we can visualize from the equations and pictures above, the
excitation to couple surface plasmons had to be p-polarized. That is the tangential plane
polarized or transverse-magnetic wave.
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2.2.2 Ebbeson Effect and Holey Films
With tiny holes in an opaque metal film, the light through holes can interact with
electronic resonances in the surface of the metal film. This interaction can be controlled
with the size and the geometry of the holes. On contrary to Bethe’s prediction that the
optical transmission through a subwavelength hole in a conducting film would be weak,
the transmission was orders of magnitude larger. The main reason is the surface
plasmons, that are electromagnetic waves at the metallic surface53. The resonant peaks
result due to the SP modes at the edges of the holes. To obtain detectable resonances at
visible wavelengths using Au or Ag, the dimensions of the holes should be 150~300 nm
and the films not much thicker than 200 to 300 nm. If there is a periodic structure, it can
act like an antenna for a certain SP wavelength and the periodicity provides the
necessary momentum and energy-matching conditions. The resonance wavelength
becomes slightly more red-shifted than the period of the structure.
Figure 14: Dispersion relation (red) for surface plasmons and light line (green).
Blue line is when coupling occurs.
In figure 14, it shows the dispersion relation (red curve) for the surface
plasmons. The green line is the light line, kinc is the transverse component of the
incident wave vector. The SP has a bigger wave vector at the same frequency so can not
k
kinc
ω
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be coupled directly by incident photons. But if the index of refraction is higher in the
incident medium, then the wave vector of the photon can be changed and coupling to
the plasmon wave vector becomes possible. As for the coupling medium, a prism can be
used. As one can see the ksp is always below the light line and it is evanescent therefore
cannot be excited directly by freely propagating light, this is why additional momentum
G is needed. ksp=kinc+G
One way to provide missing G is to use a periodic array.
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piθ += (one dimension) where m is an integer. The EM wave is
trapped momentarily on the surface and results in transmission peaks. At every multiple
of pi/a0 (Brillouin zone edges), SPs are back-reflected so strongly that they cannot
propagate55. For example for a two dimensional array the peak positions λmax at normal
incidence with first approximation is:
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Here a0 is the period of the array and i,j are the scattering orders of the array. But
this equation is an approximation and neglects scattering losses and interference, so the
predicted peak positions are slightly shorter than those experimentally observed53. The
SPs generated in the array will propagate along the symmetry axes with their
polarization depending on the i,j numbers.
The hole arrays also act like a diffraction grating, orders depending on the
wavelength to period ratio. The hole arrays can be used to detect molecules and to
enhance spectroscopic signals (e.g., fluorescence56, Raman..). For visible wavelengths
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Au, Ag are suitable materials and for infrared Ni or Cu are better. To obtain a good
signal the metal must be optically thick, that means the thickness of the metal film
should be several times the skin-depth of the metal.
2.2.3 Dielectrics and Metal Particles Near Conducting Surface
The problem of, a dielectric placed near a partially reflecting surface, has been
studied a long time ago where both the emission rate and the frequency change
dependent on the dielectric properties of the surface and the medium in which the
emitter is embedded. R. Chance and A. Prock have calculated the this problem exactly
with a classical approach and especially at the small-distance limit found that the
frequency shifts could be much larger, reaching maximum near the surface plasmon
frequency of the metal interface57.
The problem of a dipole near a conducting surface has been experimentally
treated by W.R. Holland and D.G. Hall after the theory. Again the dipole’s resonance
shift is a universal feature of the coupling between the dipole and its own image in the
metal surface. The sample geometry that they have used consists of Ag film (50 nm) on
glass substrate with a LiF (5 to 50 nm) spacer layer and silver or gold islands of mass
thickness of 3 nm. They have observed the 400 nm and 540 nm of absorption for both
silver and gold which is due to localized plasmon resonances and they have annealed the
films to enhance sharp spectral features (to form well formed islands). As spacer
thickness d decreases, the resonance peak is shifted to shorter then to longer
wavelengths. They also claim that the surface roughness might couple to the incident
radiation to the surface plasmon58.
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When the thin film of the experimental sample is adsorbed onto the surface
plasmon polariton (SPP)-supporting substrate metal, the surface plasmon resonance
(SPR) plot changes in response to the presence of the sample. The thickness and the
dielectric function of the sample can be measured by analyzing these features of such
SPR plots collected at different wavelengths59.
When a metallic nanoparticle is in a uniform medium, a homogenous external
field induces a dipole in the nanoparticle but if the nanoparticle is on a substrate whose
refractive index is different from that of the ambient, the field that acts on the particle is
no longer homogenous due to the image dipole induced in the substrate and multipoles
are induced in the dipole resulting in a red shift of the plasmon resonance. The amount
of red shift calculated theoretically is much smaller than that obtained in the
experiments which is due to the fact that dipole approximation does not consider
multipoles such as quadrupoles and octupoles. The solutions using Laplace equation
consider multipoles and give better agreement with the experiment. For p-polarized
incident illumination the resonance wavelength shifts toward longer wavelengths as the
gap distance decreases which is due to the multipoles that are induced by the image
dipole in the substrate (electric-field component normal to the substrate). For s-
polarized incidence, the red shift is almost negligible. The first peak at normal incidence
is around ~510 nm. The second peak ~680 nm appears for the incident angle greater
than 30 degrees and results from the image dipole that is induced in the substrate. For
larger particle diameters there is discrepancy with theory. There are two possible
reasons: The retardation effect is ignored, which becomes more effective for larger
particles; also the substrate isn’t semi-infinite, in the experiments the gold substrate is
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couple of tens of nanometers. Resonance wavelength increases as the particle size
increases60. In general the resonance sharpness depends on losses, and how well the
resonance frequency matches with the driving frequency.
In the work done by F. Le et. al, they have shown that the plasmonic properties
of the nanoparticle/metallic film essentially depend on the film thickness. In the thin
film limit the interaction is mostly localized plasmons as individual nanospheres. In
their extinction measurement done by UV-VIS , p-polarized light of Au nanoparticles,
with radius of 50 nm on a conducting film of 4 nm + 4 nm spacer, the first peak was
around 540 nm61.
In the work done by Atay et al.62, gold pancakes (dots diameters of 80 to 150 nm
and heights of 15 to 60 nm) on ITO coated glass substrate were fabricated. If the dots
are not touching through a direct conductive interlink, dipole-dipole coupling energy is
produced and surface plasmon polariton resonance red shifts. As soon as they touch the
resonance appears to be blue shifted. They have also observed quadrupole resonance at
smaller wavelengths (see Figure 15). The optical response in single small spherical
metallic particles was theoretically analyzed by estimating the contributions by different
multipolar orders for plasmon polariton contributions.
Figure 15: Dipole, quadrupole and multipole modes for the spherical particles,
pictorial illustration.
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Leveque et al, have done numerical simulations on the metallic particle
separated from a slab by a dielectric spaces and have found a linear relation between the
resonance wavelength and the spacer permittivity. Increasing the value of permittivity
from 1.5 to 4.5 increases the resonance wavelength by 100 nm up to 200 nm depending
on the spacer thickness63. And in another work they have done again based on
simulations, they have observed that SPP wavelength is by a uniform electric field
aligned along the vertical direction in the space between the particle and the film where
as LSP resonance has a more quadrupolar character that originates between the particle
dipole and its image in the metal. Also the field along the interface reaches its maximum
under the particle64.
N. Papanikolaou has investigated the effect of periodic array of nanospheres on
one side of the film. He has first expanded the electromagnetic field into spherical
harmonics for each scatterer and summed all the scattering events. Then the wave field
was transformed into a plane-wave65.
For isolated metal spheres with diameter smaller than the light wavelength the
plasmon polariton resonance is:
(25)
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ωp: Bulk metal Plasmon frequency
l: Angular momentum
εD: The dielectric constant of the surrounding medium.
Also the surface plasmons on a metal-dielectric interface have bound states and
the electric field at the interface is:
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This electric field decays exponentially away from the interface on each side of
it64.
When the periodic array of metallic spheres is close to the thin film, the surface
plasmons on the film are modified. If the lattice constant is a then the wave vectors
would be
a
k pi2= .
For thicker films and at normal incidence the wavelengths corresponding to
excited surface plasmon modes are:
(27)
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where m and n are integers. This equation is also helpful in explaining the
Ebbeson Effect as it is in equation (23). By many researchers, the claimed effect of
enhanced transmission is the excitation of surface plasmons on both sides of the metal
film. The results of this effect for the coupled plasmon absorbances can be used as bio-
particle or DNA sensors66.
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CHAPTER 3
EXPERIMENTAL APPARATUS AND TECHNIQUES
3.1 Electron-Beam Lithography
The electron beam was produced using a JSM-6400 model scanning electron
microscope (SEM). This SEM can produce a focused beam of electrons with a
thermionic emitter from a tungsten hairpin source. The electron beam can be adjusted
through condenser lens (CL) setting where CL16 corresponds to the finest beam in order
to write very fine patterns and lower CL settings are used to achieve larger area
exposures. The SEM beam scanners and blankers are controlled with a data acquisition
(DAQ) board as part of the NPGS e-beam lithography pattern generator [ref: J.C. Nabity
Lithography Systems]. Patterns drawn with DesignCAD software are converted to
write-instruction digital files and sent by the computer to the DAQ board to draw the
patterns with different parameters, magnification and exposure times. An example
pattern is shown in Figure 16.
Figure 16: Interdigitated electrodes made using electron-beam lithography. These
electrodes are made with Cr and Au evaporation and lift-off (linewidths are 5
micron, optical microscope image, width of images are 3.5 mm and 160 microns
respectively).
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3.1.1 SEM Beam Size Measurements
A thin Si wafer was cleaved and the sharp edge was used for measurements. At
300,000 times of magnification 100 nm scale bar on the screen was measured to be 30
mm long. At Line Scan Probe (LSP) mode the beam size was also measured. Beam size
is full-width-at-half-maximum (FWHM) of d measured (see Figure: 17).
Figure: 17: Beam diameter d as seen on LSP signal
The LSP signal should be within the viewing window that is the signal should
not saturate from the bottom and the top. Brightness should be adjusted for bottom part
and contrast for the height of signal so that it fits well to the screen. An example
measurement is:
Actual beam size (i.e.at 300,000 magnification)~ 9.8mm x100 nm / 30 mm /2 =
16.3 nm.
In Table 2: Beam size diameter with 3 different working distances and for
different condenser lens (CL) settings. these readings have been summarized. These are
all based on the measurements with our SEM. This information is quite useful when
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adjusting the beam current for fine, medium or coarse resolution patterns. Using the
correct beam size, for a desired exposure also needs adjustments for the proximity
effects. If the beam size is neglected, the regions might receive higher dose of proximity
exposure that might create some problems in developing of electron beam resist.
Table 2: Beam size diameter with 3 different working distances and for different
condenser lens (CL) settings.
3.1.2 Electron Beam Writing of High Resolution Hole and Circle Patterns
3.1.2.1 Array of holes with different diameters—PMMA Electron-Beam Patterning
The goal of this experiment is to produce various diameter holes in gold film.
The patterns are coated with Cr (5 nm) and Au (30 nm) on Si. First these patterns were
coated with HMDS for 30 seconds at 3000 RPM in order to enhance the adhesion of
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PMMA. After that 1500 RPM PMMA A2, 950k was spin coated for 45 seconds and that
gave us a thickness of 150 nm. It was baked on the hot plate for 2.5 hours at 180 C.
Then the Si wafer was diced into chips and mounted on SEM stubs.
Very high resolution e-beam lithography with PMMA resist has been shown as
small as 3 to 5 nm at high incident electron energy where they have used pure IPA
development and other groups have shown that ultrasound (US) agitation has increased
the resolution limits1 , 2. It has been shown that the US agitation (5 seconds) is
sufficiently clean and well defined from the top to the bottom of the resist layer to
support lift-off3. Some groups have also reported cold development (4˚ to 10˚ C) which
has shown improved feature quality and higher resolution4.
Another limitation for very high resolution EBL is the proximity effects which
are mostly caused by back scattered electrons. These effects have been studied using
Monte Carlo simulations and experiments5.
The following recipe was developed using many trials: The procedure started
with a test sample that has circles starting from 10 nm increasing up to 150 nm (see
Figure 18). An array of circles were made with diameters starting from 20 nm up to 250
nm. For each array, a different area dose was used. The spacing in between the 15
columns was 300 nm and the 10 rows of spacing of 500 nm.
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Figure 18: The design of nanohole patterns with various sizes and exposures,
triangles are for indication of location.
These patterns were written with e-beam using the smallest beam current (CL
16). After writing, the patterns were developed using 7:3 IPA:DI water in ultrasound for
10 seconds and again rinsed in DI water which gives the high resolution development6.
As seen in Figure 19, the AFM image of these developed patterns are clearly visible.
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Figure 19: AFM images of PMMA patterns after developing
The hole depths were also analyzed using AFM and it is found that the vertical
distance is around 93 nm (see Figure 20).
Figure 20: Section analysis of the hole array for measuring depth
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3.1.2.2 Pt Evaporation and Lift-Off
These samples were evaporated with Pt and lifted off using acetone. After they
were evaporated with ~4 nm of Pt using the electron-beam evaporator. The samples
were rotated during the evaporation. After lift-off using acetone they were put back into
the SEM for imaging. Due to the little amount of material deposited, it was quite
difficult to perform imaging. Consequently, the samples were tilted 10-12 degrees and
the working distance was set to 25 mm in order not to hit the detector. After the actual
pattern was located, they were imaged again at a shorter working distance (7 mm), see
Figure 21.
Figure 21: SEM imaging of hole arrays with various sizes after Pt evaporation and
lift-off
3.1.2.3 Co Evaporation, lift-off and magnetic measurements
Some of these samples were evaporated with Co and then lifted off using
acetone in order to fabricate Co rings. The same method of using 10 seconds in IPA:DI
water method was used. The samples were evaporated with Co at 40 degrees of tilt with
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a rate of 0.03 nm/s for 25 nm. Then developed with acetone overnight. The SEM
pictures were taken after this procedure (see Figure 22).
Figure 22: SEM Pictures of the Co pattern. The homogeneity of the lines inside
circle shows that there isn’t considerable astigmatism
The images indicate that there is deposited metal but also PMMA residue on the
surface because of the charging. So these patterns gave the ideal writing conditions for
the next trial which would be an array of circles 200x100 written at 1000 magnification
with an area dose of 400µC/cm2 and center to center (CTC) and line spacing (LS) of
1.45 nm.
3.1.2.4 Hole Arrays and Magnetic Measurements
The parameters from previous section were repeated to make continuous
array of holes in order to fabricate ring structures (see Figure 23). Then these
were measured with a SQUID (Super Quantum Interference Device) in a MPMS
(Magnetic Property Measurement System).
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Figure 23: Array of holes in PMMA with square pattern
But after Co evaporation and ion beam etching (will be explained in future
sections) and lift off, the samples did not show any significant signal with MPMS. The
signal measured was in the 10-7 range. This could be due to the huge background as
compared to the sample size (the amount of Co inside the pattern is very small as
compared to the rest of the Si wafer). So the patterns were written 16 times. Due to the
fine resolution (CL 16) and repeated patterns each sample took more than 3 hours to
write. When they were measured using MPMS this time, the signal went up to 10-6
region.
For imaging purposes, the arrays were written again. And this time Cr and Au
(each 16 nm thick) was evaporated on top of developed PMMA (see Figure 24).
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Figure 24: Square pattern with e-beam pattern and 100 nm holes imaged with
SEM. For imaging Cr+Au was evaporated
3.1.2.5 Fabrication of Ring Arrays
In order to directly fabricate the Co rings a new method of writing rings was
developed. The method is different than writing circles. Because one needs to change
the pattern in DesignCAD and making a ring pattern requires a design trick. (That is,
making cuts in the ring and then vectorizing the pattern, the details are given in the
DesignCAD tutorial file). After the rings were written and developed they were imaged
optically (see Figure 25).
Figure 25: Ring and circle arrays with different sizes in PMMA
5µ
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But in order to see the circles and holes AFM imaging was performed (see
Figure 26).
Figure 26: AFM image of the circles and holes in PMMA
3.1.2.6 Cross-Sectional Analysis of Electron-Beam Written Patterns
In order to understand if these rings/circles were all the way down to the bottom
of PMMA and whether or not they were undercut/overcut, cross sectional imaging work
was done. Since the cross-sectional area to be imaged is very small, a long array of these
circles was written. Each rectangular pattern was written at 1000 times magnification
under the SEM and were repeated 18 times. Each rectangular pattern has a dimension
of 70x35 microns and from edge to edge this gives a total length of 18x70~1250
microns which is fairly large to crack the chip somewhere in the middle. The whole
repeated pattern is easily visible under the optical microscope (see Figure 27).
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Figure 27: The optical microscope image of array of 18 rectangular patterns which
is 1.2 mm long (left), the magnified region of overlapping (right)
Note that each pattern has a slight angular difference with respect to the
horizantal. This is mainly due to the backlash of the SEM and a slight mis-calibration of
the stage goniometer (mechanical) and the beam/image scanning direction.
Figure 28: Mis-alignment between different magnifications of SEM
This pattern shown above (Figure 28) was designed to have contacts for
nanowires on a Si substrate but since there was not enough overlapping the patterns do
not have continuous electrical conduction and gaps are caused in between
magnifications (x1000, x100 and x20).
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Then the sample was cracked in the middle and mounted perpendicularly so it
could be imaged cross sectionally. Before putting them under the SEM they were also
sputtered with Au for about 2 minutes in order to prevent charging due to electrons.
Figure 29: Cross-sectional view of the array of holes
The holes are clearly visible (Figure 29). A closer magnification indicates that
they are all the way to the bottom. But in most applications where a clean lift-off is
required, under-cuts are preferred. So the images were imaged with higher resolution
(see Figure 30) and the exposure parameters were compared with reported work in the
literature.
Figure 30: FESEM picture of the cross section of a single hole in the array
100 nm
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The over cutting is clear to see. These pictures are helpful in understanding the
development parameters and how the PMMA pattern looks like at high resolution e-
beam writing. The reason why we see a slight over-cut might be due to the dose being
used and the linewidth ratio7.
If exact under-cut structures are required, there are methods for doing this as
forming T-shaped structures or mushroom gates. Such as bottom layer is PMMA (to
define short footprint) then P(MMA-co-MMA) to define the cap or mushroom top. Here
PMMA has low sensitivity and P(MMA-co-MMA) has high sensitivity. The volumetric
ratio of MIBK:ISO (methyl isobutyl ketone:isopropanol) can be adjusted for fast and
slow solubility of the exposed area8. But in most cases MIBK/IPA
(methylisobutylketone/isopropanol) 1:3 mixture works fine9, 10.
3.1.2.7 Summary of parameters used for ring and hole patterns
These steps below summarize the parameters used for making high resolution
ring and circle structures:
a) Wafer cleaning: The Si wafer is first cleaned with TAM (10 minutes in tri-
choloro-ethylene, 10 minutes in acetone, 10 minutes in methanol) in an
ultrasonic bath.
b) O3 cleaning for 20 minutes (if the samples aren’t immediately used after
TAM cleaning)
c) Spraying with methanol and spin-drying at 3000 RPM (rotations per minute)
d) Spin-coating of HMDS (hexamethyldisilazane) for 30 seconds at 3000
RPMs.
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e) Spin-coating of PMMA (filtered with .22µ cameo filters first), 950k A2 in
anisole for 30 seconds at 3000 RPMs. (Catalog thickness is 55 nm, but actual
thickness measured based on Dektak profilometer is 70nm)
f) Pre-baking at 180ºC for 2.5 hours on hot plate.
g) For electron-beam parameters center to center (CTC) distance and line
spacing (LS) is 1.45 nm. Magnification used is 1000. The standard area dose
(AD) is 400 µC/cm2. The measured beam current (MBC) is around 4.7 pA.
The development was done with 7:3 IPA:De-ionized water mixture for 10
seconds in ultrasonic bath at room temperature.
Before evaporation of any metal a short O2 RIE (reactive ion etching) for 10
seconds at low power is useful to remove any residual PMMA left in the developed
regions.
3.1.3 Electron Beam Writing of High Resolution SiOx Line Patterns
These parallel SiOx lines were fabricated in order to observe orientation of the
highly ordered arrays of PS-b-P4VP block copolymer micelle structures between the
grating pattern11. Here a slightly different fabrication procedure was followed.
First PMMA (2% in anisole from Microchem Corp.) was spin casted which gave
a thickness of 100 nm and it was pre-baked in a gravity convection oven at 170ºC to
improve adhesion.Then test patterns were written with line exposures ranging from 0.3
to 7 nC/cm in order to achieve the best dosage (see Figure 31).
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Figure 31: Electron-beam test pattern for various line witdths
Exposures below 3 nC/cm didn’t return any pattern transfer, which might be an
indication that the PMMA patterns were to shallow to reach the silicon surface. The
higher exposures gave lines larger widths as exposure was increasing. The evaporation
thickness was also calibrated. First, the known thicknesses of patterns were evaporated
and the heights were measured with AFM and these values were used as a tooling factor
for future evaporations.
Development in methyl isobutyl ketone/isopropyl alcohol (1/3, v/v) of the
exposed pattern at room temperature for a minute and a rinse in isopropyl alcohol
created troughs with vertical side walls, and the evaporation of 14 nm thick silicon
oxide via thermal evaporation on the developed region resembles oxidized silicon. Here
a baffled thermal boat was used and the evaporation was carried out with the smallest
reliable rate as possible. Also right before evaporation a short RIE of oxygen plasma is
helpful to clean the residual PMMA at the bottom of the patterns. This process is
followed by acetone lift-off. Scanning force microscopy (SFM) was used to measure the
representative bare grating pattern of a 100 nm lines (see Figure 32).
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Figure 32: SiOx lines fabricated on Si surface. The height of SiOx is 100 nm and the
distance between lines is 260 nm. The distance between two groups of lines is 2.5
microns.
As a final check this pattern was scanned with AFM again. It is seen in the
figure that the height of these lines are exactly 14 nm (see Figure 33)11.
Figure 33: Height mode SFM image (2 µm x 2 µm) of representative bare grating
pattern having line width of 100 nm and separation distance of 380 nm (a) and
cross-sectional line scan (b).
In order to have high resolution, the backscattered electron density should be
reduced in order to prevent proximity exposure. Also charge build up is another issue if
the substrate is insulating. The patterns exposed so far were on Si and in the next
section, electron beam pattern fabrication on glass slides will be covered.
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3.1.4 Electron Beam Pattern of Cr Patterns on Glass Slides
This test sample has Cr patterns on glass slides which consists of square arrays
and text that indicates the exposure dose.
First A7 type of PMMA was spin coated (1400 RPM which gives less then 1
micron thickness according to catalog value) on glass slides of 25mm x 25mm and
baked for 30 minutes to enhance adhesion and remove solvents. Since the substrates
were insulating, they were coated with 15 nm of Au via evaporation. They were
mounted on SEM stubs and grounded to the stub holder via silver paste.
In the CAD design there are 3 layers and 5 colors for each layer where the layers
correspond to different writing size and the colors correspond to different values of
dosage. Dosage starts from 5 µC/cm2. The samples imaged below are written with x100
magnification which corresponds to a 800 µm x 800 µm writing window. After writing
process, the back and the edges of the samples are cleaned with acetone to remove all
excess silver paste. This is important in the developing step, because otherwise the
silver particles might redeposit into the developed regions.
The samples are etched with KI solution in order to remove the thin insulating
gold layer on the surface. and developed with MIBK:IPA (1:3 v/v)12. Cr was evaporated
at a thickness of around 100 nm and the samples were lifted-off with acetone.
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Figure 34: Cr Patterns on Glass slides (SEM images). (Left) each number
corresponds to a different area exposure (Middle) Exposures increasing up-down,
left-right, below 35 µC/cm2 the pattern didn’t transfer (Right) Close-up view of the
patterns, each pattern is 40 microns wide.
The samples are imaged with SEM and the threshold exposure is around 35
µC/cm2 as seen in Figure 34.
3.2 Ion Beam Etching
3.2.1 Ion Gun Description
Ion beam etching is a totally physical mechanism where charged ions are
accelerated under high voltage and they hit the sample with a kinetic energy. This
mechanism sputters material off the substrate. In most cases Ar is the common ion
source.
Figure 35: Ion Gun Schematic
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In Figure 35 the ion gun source used in the experiments and which exists in our
lab is shown. It has got dual filament source and a constant heating voltage is applied
between the filament common and the filaments. This heating voltage creates
thermionic emission of electrons. The electrons are pulled into the region as a result of
the electric field produced by the anode (180V). Here they interact with Ar molecules
and as a result of collisions, Ar molecules are ionized and charged. The beam voltage
determines the kinetic energy of the ions and they are accelerated towards the specimen
holder which is grounded. So it is important for the samples to be well grounded for the
ion sputtering yield.
As one can also see in the schematics, the focusing voltage adjusts the beam
diameter which has a Gaussian shape and with good adjustments the effective diameter
is around 1 cm. Another important factor is the sample alignment. Since the effective
area is small and the samples were sitting on a holder, it was hard to fine adjust the
center point. So a sample holder that could fit into the UHV chamber was designed and
machined.
3.2.2 Modifications Done for the Ion Beam Etching System
As explained in previous section, in order to make the exchange of sample easier
and most importantly to adjust the center position, modifications were done for the ion
beam etching system. An 8” stainless steel fixed blank flange was ordered and machined
to be raised from the flange surface at such a distance that the operator could reach the
center point for mounting the sample. The four legs were machined from stainless steel
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parts with necessary vent holes and these were used to raise the dovetail holder that
matches the central axis of the system (see Figure 36 and Figure 37).
Figure 36: The designed and machined parts of the ion beam etcher. (Left) The 8”
diameter stainless steel flange—top view. (Middle) The four legs of the dovetail
holder—side view. (Right) The top view of the dovetail holder, the four edges are
matching the legs. All figures are in proportion.
The screws ordered were also UHV compatible and with vented designs (with
holes through center) in order to prevent the ‘virtual leaks’ (leak from trapped spaces).
As for the sample exchange, a dovetail design was adapted from our SEM.
Figure 37: The dovetail parts; (left) dovetail mate, ring, pin and compression
spring. (Right) Stub holder that fits the mate base.
All the parts except the compression spring and the pin seen above were
precisely machined. Even the dust groove was included in the final design for the
doevetail mate base (see Figure 38).
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Figure 38: The finished dovetail mate base (left) and the full assembly for the
sample holder. The sample holder is designed to fit a standard (25 mm) SEM
aluminum stub.
All the parts were machined at UMass machine shop of the physics department.
With the aid of new modification, the user can simply mount the sample facing the ion
gun precisely and keep the sample distance to the ion gun at a fixed distance.
3.2.3 Ion Beam Etching Rates
Since ion beam etching is a physical mechanism, the sputter yield depends
mostly on the cross sectional interaction of the ions and the substrate material (mostly
on the Z number).
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Table 3: Ion Beam Etching rates of various (table from University of Minnesota
Nano Fabrication Center, for 80 mA of ion beam current and acceleration of
100V).
As seen in Table 3, the etching rates of materials mostly depend on their A
number. For materials like Ag and Au the etching rates are close, whereas for PMMA it
is 5 times less. This table would be different from equipment to equipment and also it
would depend very much on the etching conditions like, acceleration voltage, beam
current, base pressure, etc. But it can give an idea about relative etching rates. The
approximate sputtering yield in literature is 





=
AIt
WY 510 where, W is the weight loss
(grams), A is atomic weight number , I ion current and t (sec) is time. The ion current to
the target is not exactly equal to the measured target current on account of emitted
secondary electrons--for Ar+ it might be 10%13. In the same reference by Laegreid et al,
the sputter yields are plotted for 400-eV argon ion energy for 28 elements vs the
element’s atomic number.
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3.2.3.1 Ion Beam Etching of Silver Film
In our experiments different materials were etched to calibrate the etching rate.
For example for 1.5 kV of acceleration voltage with a beam current of 25 mA, the
etching time was approximately 40 minutes for 200 nm Ag. It was also sputtered with a
thin layer of gold to distinguish the etching region. Another film with thinner film
thicknesses was also etched but with 1kV (Figure 39). In the first 15 minutes the
Gaussian beam shape is visible, for longer time etchings the beam shape expands. The
etching rate for these parameters was ~3 nm/min.
Figure 39: Silver film on glass slide with thin gold sputtered film. It is tested with
Ar+ ion beam etching system. (left: 15 min, middle 25 and right 40 minutes)
The Ag was evaporated on glass slide so that the transparent regions could show
the etched area easily. During the etching, the top surface of silver + gold film was
grounded to the base plate (using silver paste or carbon tape) to prevent charging since
the substrate is glass.
3.2.3.2 Ion Beam Etching of Cobalt Film
Cobalt was evaporated with electron-beam evaporator. A razor blade scratched
slide measured with AFM and gave 20 nm thickness. The sample was etched for ~1.5
hours at 1 kV and Ar pressure base pressure was 8x10-6 Torr. No significant etching was
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observed. Continued etching at 2 kV with increased Ar pressure of 2x10-5 Torr and
etching was observed through the window in 30 minutes (see Figure 40).
Figure 40: Half masked Co film on glass slide. The masked region shows a sharp
boundary between the etched and non-etched regions.
In 60 minutes the sample was clearly etched. Half of the sample was masked
with a Si in order to form a sharp boundary between the etched and non-etched regions.
This qualitatively shows that Co etching rate is much slower as compared to silver.
3.2.2 Commercial Ion Beam Etcher
In our experiments we have also used a commercial ion beam etcher which can
provide neutral beam. Since charging has been an issue for our samples, where in some
cases, the polymer coating on the sample was causing charging. Through the view port
of the system, the sparks could be seen which were due to the charging of the insulating
layer and electrical discharge was happening between the ground and the charged
surface in the presence of ionized Ar beam. So for polymeric pattern transfer
experiments a commercial ion beam etcher was used (see Figure 41). The other two
advantages of this system is that:
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1) The workplate rotates so the ion beam is incident on the surface in a
homogenous way.
2) The ion beam isn’t Gaussian, rather it is distributed on a work plate which can
take up to 8-10 1” samples at a time. This can provide better comparison for different
samples etched at the same time.
Figure 41: The cross-sectional view of a commercial ion beam etcher with a
neutralizer and rotator
One test sample used with this equipment was a Cu TEM grid masking a silver
film (see Figure 42). The silver film was evaporated on a glass slide and the TEM grid
was mounted on the film with a tape. Everywhere else of the glass slide etched very well
and no visible silver film was left on the glass slide, except the masked region.
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Figure 42: Left: TEM grid on Silver film. Right: The silver film on the glass slide
after etching.
The etching parameters of this instrument is quite different than ours since the
ion production is plasma based whereas in our equipment the ions are created by the
acceleration. Also a 10 degree tilt angle was used during etching (enhances the etch
rate). The total power was at 575 W and a range of voltage of 500 to 600 V was used.
the current range was 0.425 amps. The total etching time was for 10 minutes but the
silver surface had appeared to start clear after 6 minutes.
3.3 Reactive Ion Etching (RIE)
Reactive ion etching is a both chemical and physical etching process where the
reaction scheme is much more complicated than ion beam etching. It is a dry etching
method. The plasma is generated by RF power and the etching gas creates reactive
species (radicals or ions) that are bombarded onto the sample. The chemical reactions
form volatile byproducts and these are exhausted from the chamber.
3.3.1 Important Factors in RIE
The important factors in removal of materials are:
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1)Etch Rate: The removal rate of the material which depends on the
concentration, temperature, density etc.
2)Etch Selectivity: The relative etching rates of materials like maks and the
substrate.
3)Etch Geometry: The degree of anisotropy (sidewall slope)
4)Reproducibility: Depends on the history of usage of the chamber since residual
material pre-existing in the chamber might redeposit or interact with the etching gases.
3.3.2 Common Etchant Gases
Most common gases used in dry etching are: SF6, CF4, CHF3, HBr, Cl2, O2,
CHCl3, C4F8, C2F6, XeF2 and sometimes ionic gases like Ar or He are also used in order
to increase anisotropicity or etching rate. For example CF4 might dissociate into ions
and excited ionic species in the presence of energy. The energy is usually provided by
RF (radio frequency) coils and creates a plasma. Here are the most likely routes that CF4
might follow in an etching chamber:
CF4+e-↔F*+CF3*+2e-
CF4↔ F*+CF3
After these etch species are generated, with the aid of the field they are moved
towards the surface and interact with the materials. If the substrate material is silicon,
then Si+4F*↔SiF4 is a typical etching product for silicon. Then the products are
desorpted and they might interact with other simultaneous reactions resulted with
byproducts or other ionic species. 4F* can also recombine with carbon and might give
again 4F*+CCF4 which might slow down the reaction. It can also form (-CF2CF2-)
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which is a Teflon-like compound that is very hard to remove. But if O2 is also used, it
can react with C and C+O2CO2 makes the reaction faster14. This is why addition of
O2 to CF4 increases the etch rate significantly. In general polymer chemistry plays a key
role in etching dynamics. The oxygenated and fluorinated organic model compounds
and sometimes excessive amounts of fluorine and/or CFx radicals result in reduced
etching rates15. In Table 4most common etchant gases and materials are shown.
Material Etchant Selectivity/Isotropicity
SF6, CF4 No selectivity over SiO2/isotropic
CHF3 No selectivity over SiO2/very anisotropic
CF4/O2 Selective over SiO2/isotropic
Si/Polysilicon
HBr, Cl2 Highest selectivity over SiO2/very anisotropic
SF6, CF4, CF4/O2 No selectivity over Si /near isotropic
SiO2
CHF3, CHF3/O2 Selective over Si, Si3N4 /very anisotropic
CF4/ O2 Near isotropic
Si3N4
CHF3/O2 Selective over Si, SiO2/very anisotropic
Polymer O2 Very selective over other films
Al, Ti Cl2 Near isotropic
Table 4: Some of the Common Materials and Gas Etchants used in RIEs (from
reference 16).
Since etching chemistry and dynamics are complex, there is not a perfect recipe
for a desired etch. RIE requires process development and it is not a turn key system. But
among most gases SF6 and CF4 are less toxic and corrosive while providing higher
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selectivities. Their main disadvantage is that they etch silicon isotropically as compared
to Cl containing gases.
3.3.3 Deep Anisotropic Etching
Deep etching in Si has always been desired. Before dry etching techniques and
equipment had been developed, wet etching method has been used to make deep
trenches in Si. Aspect ratios over 100:1 of narrow grooves have been manufactured in
Si. Anisotropic etching of Si at different rates in different crystal axes using chemicals
such as KOH and water mixtures at various temperatures made this possible. But these
grooves are all in micron sizes. Also due to geometrical constraints, it is impossible to
etch a short narrow groove deeply into a slice of Si due to the narrow dimension of the
groove is quickly limited by slow-etching. Some vertically structured solar cells were
reported but contact fingers on the top surface are difficult to apply. In general wet
etching is isotropic but anisotropic etching of Si has made it possible to make real high
aspect ratio trenches, but this method is dependent on Si crystal orientation17. Using
common RIE etching methods, deep trenches in Si with micron size scale have been
fabricated but fabricating smaller trenches has been problematic18.
3.3.3.1 Bosch Process
This method has been developed after 2000’s and has it made it possible to deep
etch Si. It has especially been popular in (micro electro mechanical systems) MEMS
area. It is based on the cycle of etching and side-wall passivation. It is a repeated
process. The cycles continue until desired length is achieved and most of the time the
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process is automated. First SF6 plasma etches Si. Then C4F8 plasma is applied and this
coats the side walls. Then SF6 plasma again etches and this whole process is repeated. It
is difficult to have 90 degrees of anisotropy (vertical side wall) and the selectivity of
Si:SiO2 is (1:200 to 400). Also due to the cycles, the sidewalls might have some
roughness. If the process is done cryogenically, side wall roughness and polymer
contamination in the reactor or on the substrate can be reduced. The key parameters in
this process are; mask material, ion flux and energy ( pressure, RF source power, DC
bias), C/F ratio19. But Bosch Process equipment may not be accessible easily since it is
an expensive equipment. There are some close alternative to this process via other RIE
techniques.
3.3.3.2 Other RIE Techniques for Deep Si Etching
To etch Si anisotropically there are many parameters to control. In most common
cases, gases like SF6, CHF3, CF4, Cl2 have been used with O2 mixtures.
3.3.3.2.1 CF4 and SF6 Selectivity over Resist and Metals
It has been reported that plasma assisted etching with pressure >100 mTorr has
better selectivity as compared to reactive ion etching that has a pressure of 10~100
mTorr. But adjusting the desired anisotropicity might be an issue. For Si, rates of ~50
nm/min have been reported with CF4 and SF6 etchants, with selectivities of ~20:1
(resist) and ~40:1 (metals; Cr, Ni, Al) 20.
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3.3.3.2.2 SF6 and Effect of CHF3 on Etching Profile
Even SF6 is the most common gas for silicon RIE, it is quite isotropic. But if it is
mixed with CHF3 and kept at room temperature, it can be more anisotropic. It is
reported that 1.8 (standard cubic centimeter per minute) sccm SF6 and 3.6 sccm CHF3
would be ideal for etching silicon with feature sizes in the nanoscale regime (pressure of
7-17 mTorr and with 0.1-0.25 W/cm2 rf power) 21. The use of SF6 and CHF3 mixtures
for highly anisotropic silicon etching which gives aspect ratios as high as 50:1
reported22.
3.3.3.2.3 CF4 and O2 Etching Rate Stability
As mentioned in previous sections, if pure CF4 is used, it results in fluorocarbon
polymer buildup on the chamber walls and a reduced etch rate over time. If oxygen is
introduced, it reduces the polymer buildup so that the etch rate becomes stable but also
increases the etch rate of resist and reduces selectivity12. The etching process depends
on the F and CF2 in fluorocarbon plasmas where F behaves as the etching agent and CF2
as the building block for polymer deposition (passivating the sidewalls of the etched
structure).
3.3.3.2.4 SF6 and O2 Concentration Effect on Etch Profile
In one study the effect of O2 concentration on etch profile anisotropy was studied
with various RF powers and with various O2 and SF6 flow rates to etch silicon. In a
plasma containing SF6 and O2, each gas has its own specific function, so by altering the
flow rate of one of the gases, changes to the etch profile can be achieved. The SF6 and
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O2 generate F* and O* free-radicals under the influence of strong electric fields
generated in the reactive ion etcher. The F* radicals initiate a chemical reaction with
silicon, producing the highly volatile by-product SiF4. The O* radicals act to passivate
the silicon surface by forming SiOxFy (silicono-xy-fluoride). In addition to generating F*
radicals, SF6 is also the source of SFx ions, which act to remove the oxyfluoride layer.
Alternate formation and removal of the oxyfluoride layer is the enabling mechanism
behind anisotropic etching of silicon. A Cr protection layer was used during etching.
The system pressure was set at 30 and 200 mTorr. It has been shown that O2
concentration to be the principle factor influencing etch profile, while etch rate is
strongly affected by system pressure23.
3.3.3.2.5 Ideal Power for SF6
The best anisotropy was observed in a window of 10-25 mTorr pressure and
30%-60% SF6 and the rf power conditions were at 0.40-0.53W/cm2 for optimum
anisotropy. It has also been reported micromasking effect due to contaminations
sputtered from the electrode24.
3.3.3.2.6 Other information
For RIE, besides Cl2, SiCl2 is also used for controlling the trench formation.
Also with Cl2, black Si was reported which could be attributed to the presence of SiO2
micromasks25.
PS-b-PI pattern transfer was accomplished to make Ti/Au dots on the surface.
CF4 and O2 gases were used to transfer the pattern by using various steps26.
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It was found that the value for the Si to Al2O3 selectivity was 70,000:1 for DRIE
reactor using SF6 and O2 mixture27.
3.3.4 Glass-like Compound Etching
Since having AR coatings on glass is a desired, the processes for etching glass
through a polymeric/non-polymeric mask was looked into. In many ways, etching glass
or glass-like substances like SiO2, Si3N4, and single crystal silicon is similar to
photoresist etching. The biggest difference is process gas selection. Glass is a very non-
reactive or stable substance. Consequently, highly reactive process gases like CF4 and
SF6 are employed. Analogous to photoresist removal, the degree of anisotropy and
uniformity can be controlled largely by pressure and power using the gases mentioned.
However, unlike photoresist removal, etch rate will vary widely due to the fact that glass
is an amorphous substance that can vary widely in composition28.
CF4 and SF6 gases have been used in order to etch silica glass. Cr mask was used
and depending on the power (ICP) and highly anisotropic deep etching has been
possible29.
3.4 Small Angle X-Ray Scattering (SAXS)
Small angle x-ray scattering is a useful tool to get information about alignment
properties of block copolymer templates which will be explained in next chapters.
3.4.1 Elastic Scattering
When the x-rays are incident on the sample, they have wave vector k, and when
they interact with the material, they are scattered elastically if the reciprocal lattice
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vector matches the change in momentum which is ∆k, and they gain a new wave vector
k’ which has the same magnitude as k (see Figure 43)30.
Figure 43: Incident and scattered vectors in SAXS. The angle between these two
vectors is 2θ and their magnitudes are equal.
We can calculate the relation between the magnitudes ‘k’ and ∆k in two ways.
Algebraically or geometrically and geometrical way is the easiest. Since |k|=|k’| and the
it is an isosceles triangle:
(28)
2
sin kk ∆=θ
In a typical x-ray scattering data, we see a plot of intensity vs q which
corresponds to the scattering vector ∆k. Depending on the structure we see peaks due to
different scattering centers (see Figure 44). Each location of these peaks are in the
reciprocal lattice and corresponds to a real lattice but as long as they create constructive
scattering.
k
k’
∆k2θ
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Figure 44 :Scattering centers in a periodic lattice. ‘r’ is the center to center
distance between two scattering points, a is the 1st nearest scattering center, b is the
2nd nearest scattering center, etc..
The periodic structure consists of primitive vectors and it has also a reciprocal
lattice which is again defined by reciprocal lattice vectors. In block-copolymer systems,
most of the time we see hexagonal arrangement (for thin films this is more valid, since
it is more 2-dimensional, whereas for thick films the structure has got rod-like
formations). In this example below we see an hexagonal lattice and its reciprocal
representation which is again an hexagonal arrangement. Where a1, a2 are primitive
vectors of periodic lattice and b1, b2 are primitive vectors of reciprocal lattice.
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In hexagonal lattice we can choose the primitive vectors as with the conditions
below:
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Figure 45: (Left) Hexagonal lattice with primitive vectors in two dimensions
(Right) The reciprocal lattice of the hexagonal lattice and its primitive vectors
which are again forming a hexagonal lattice. Depending on r, the reciprocal lattice
might expand or contract and has rotated 30 degrees clockwise.
Among these scattering centers, the lattice constant corresponds to the
constructive scattering vector which is 2222 lkh
a
qhkl ++=
pi
.
3.4.2 Equipment
The equipment we have used is seen in Figure 46. It has got a loading chamber
where we insert the samples and using the x-y manipulator we adjust the position of the
sample which gives the highest scattering. The x-rays are created in the x-ray source via
Brehmsstrahlung (λ=1.54 Ǻ) and they are collimated31. When they hit the sample,
depending on the sample’s periodic structure they undergo scattering with small angles.
What is seen on the detector is a collection data for each pixel. Each pixel of the
detector counts the scattering events and at the end of the measurement a 3 dimensional
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matrix is created. This matrix has spatial data vs number of counts. The scattering angle
is usually less than 1 degrees.
Figure 46: The SAXS equipment used in our experiments
In order to determine the x-y spatial coordinates, we need to know the distance
from the sample center to the detector which is (D~1.2 m). (See Figure 47).
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Figure 47: Pictorial representation of x-ray setup. ‘D’ is the distance between the
sample and the detector. 2θ is the angle between the central line and the scattered
ray hitting on the detector.
3.4.3 Data Analysis
In Figure 48 we see the image of scattering data on the detector. This image was
created by a Matlab Program written by the company (Molmet), which transforms raw
data into the image and also creates the polar transformation.
X-Ray
Source
Sample
Detector
2θ
D~1.2 m
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Figure 48: The raw SAXS data turned into image representation. The center has
the beam blanker and its holder shadow.(Left) spatial x-y data (Right) polar
transformation (r vs θ).
Once we have the polar transformation, we can calculate the angle 2θ:
(29) 





=
D
r
a tan2θ
where r is the radius in Figure 48 and D is the sample to detector distance as in
Figure 47. Also from wave mechanics we know that kλ=2pi. If we use this in
equation (28) we get:
(30) )sin(4 θλ
pi
=q
Now we can plot q vs scattering peaks (see Figure 49). From this plot we can
extract the main scattering location and find out the period of the scattering centers in
real space, which in this case is 5.8 nm.
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Figure 49: SAXS plot of q vs logarithm of Scattering Counts for a test sample.
3.4.4 Scattering from Block Copolymer Geometry
3.4.4.1 Spherical Morphology
As mentioned earlier, SAXS is a powerful tool for looking at the geometry of
periodic arrangements. The plot in Figure 50 shows the spherical morphology of block
copolymers with spherical morphology. The block co-polymer (PS-PMMA is 90-10 by
wgt) solution was drop casted on kapton sheet and annealed above the glass transition
temperature so that it has self assembled itself and formed PMMA speheres in PS
matrix. Since kapton is very transparent to X-Rays the whole measurement took only a
few minutes. Where as, for block-copolymer alignments done on thin Si wafer
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(thickness of around 100 microns), the same measurement might take a few hours due to
the absorption of X-Rays through Si wafer.
Figure 50: SAXS of PS-b-PMMA (90-10 by wgt) which has got spherical
morphology.
3.4.4.2 Cylindrical Morphology
If the block-copolymer template has got rod cylinder like structures oriented
perpendicular to the substrate then it will show a characteristic scattering pattern which
indicates the hexagonal pattern formation32. If the PMMA film is removed inside the
cylinders, this gives rise to the scattering signal due to the change in the density of
electrons in the template33. If the PMMA is removed and replaced with a metal the
scattering signal is even stronger and higher order peaks are visible. For cylindrical
morphology that is perpendicular to the substrate (see Figure 44) the higher order
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scattering peaks can be observed at 3 q0 and 7 q0 which is a signature of this
structure. During the measurements the samples are mounted with an angle of incidence
of 45°. 34
Figure 51: SAXS of PS-b-PMMA (70-30 by wgt) which has got cylindrical
morphology. The second and third higher order peaks are also visible.
In this experiment a 42K molecular weight diblock-copolymer was used which
has been confirmed that it gives ~24 nm of center to center spacing between the
cylinders. From the plot above we can rewrite the peak positions.
q1=0.0269 Ǻ-1 , q2=0.0468 Ǻ-1, q3=0.0703 Ǻ-1, q4=0.0802 Ǻ-1
4
4321
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nm
q
d 2.04.232 ±== pi . This result is very consistent with what we have
measured using AFM.
3.5 Ellipsometry
It is an optical measurement technique to determine; layer thicknesses, optical
constants (refractive index and extinction coefficient), surface roughness, composition
and optical anisotropy. The technique is powerful because it doesn’t require reference
and also it is insensitive to the beam intensity.
3.5.1 Variable Angle Spectroscopic Ellipsometer (VASE)
In ellipsometric measurements, Sopra, a spectroscopic ellipsometer was used35.
It is VASE (variable angle spectroscopic ellipsometer). So the incidence and reflectance
arms of the instrument can have variable angles if necessary. For most cases the
measurements were done at fixed single angle but different wavelengths were used. The
instrument determines material refractive indices and layer thicknesses by measuring the
change in polarization upon reflection from a sample. The light that comes from the
lamp is polarized (the wavelength is swept by a spectrometer) and the ellipticity of the
light changes as it reflects off the surface.
The spectral range is from 210 nm to 900 nm sourced by a Xenon lamp. The
rotating polarizer and a fixed analyzer detect the polarization of the incoming and
outgoing light. As the polarizer rotates, the incident beam is linearly polarized with a
direction that rotates in time. After the analyzer, the light is again linearly polarized with
a fixed direction and a time dependent amplitude. The advantage of this technique is
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that the measurement is not affected by the polarization sensitivity of the detector (fixed
polarization) but it requires a perfectly randomly polarized incident beam.
After the measurement is completed (which might take half an hour depending
on the spectral range and also at a fixed incident angle), the parameters are fitted using
the Levenberg-Marquardt regression method. Different models are available to describe
the dispersion relation of the refractive index of the measured materials including the
Gaussian and Lorentz oscillator models, the Cauchy and Sellmeir laws, the Kramers-
Kronig relations, the Forouhi interband model, the model dielectric function, the Drude
model. So the calculation of the n and k values from the data at each wavelength for a
single layer of known thickness is also possible.
3.5.2 Polarization of Light
Light has three basic polarization schemes; elliptical, circular and linear36.
Elliptical polarization is the most general case of polarization (see Figure 52).
Figure 52: Elliptically polarized light, pictorial representation.
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3.5.2.1 Linearly Polarized Light
Lets assume the propagation is in the z-direction and the electric field vectors are
on x-y plane. Then we can write equations:
(31) )cos(),(
)cos(),(
0
0
εω
ω
+−=
−=
tkzEtz
tkzEtz
yy
xx
jE
iE
According to these equations above; If ε>0, Ey lags Ex, and if ε<0, Ey leads Ex. In order
to have linearly pozarized light ε=0, or ε=±2mpi or ε=±mpi, m=0, ±1, ±2,… which gives
us:
(32) ( ) )cos(),( 00 tkzEEtz yx ω−±= jiE
This equation above defines a linearly polarized light.
3.5.2.2 Circularly Polarized Light
If we use equations (31) When E0x=E0y=E0 and ε= ±pi/2 ±mpi where m=0, ±1,
±2,… then we get:
(33) ( ))sin()cos(),( 0 tkztkzEtz ωω −±−= jiE
Which is the equation for a right or left circularly polarized. Here the equations
tell us that the electric fields of x and y must have the same magnitude and they should
be out of phase (and also perpendicular to eachother) which are conditions for circular
polarization.
3.5.2.3 Elliptically Polarized Light
In this case the magnitudes E0x and E0y aren’t equal and there is a phase
difference. The resultant electric field vector will rotate (depending on the clockwise or
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counter-clockwise rotation it is called right or left elliptic polarization) and change its
magnitude as well. In Figure 52, the representation is shown. The angle α determines the
ellipticity of polarization.
3.5.3 Ellipsometry Measurement
As we have seen above, in ellipsometry, elliptically polarized light is used. What
is measured is the state of polarization of the light after it is reflected from the sample. If
Rp and Rs are the reflected intensities of the light which has p and s polarizations (p is
parallel to the plane of incidence and s is perpendicular to the plane of incidence--
parallel to the substrate ), then the state of polarization is:
(34) ∆Ψ= i
s
p
e
R
R
tanρ
The two orthogonal polarizations are measured and the phase -- amplitude
relationships are determined. Delta is the induced phase shift where as tan(Ψ) is the
ratio of the complex amplitude of the total reflection coefficient of the p and s waves.
In the simulation of data, the structure of the film should be defined such as the
thicknesses and layers, then tan(Ψ) and cos(∆) values will be plotted as a function of
wavelength37.
The other optical properties like real and complex index of refraction of the
optical medium can also be calculated38. These parameters give us the normal-incidence
reflectance, ( )( ) 22
22
1
1
kn
knR
++
+−
= . Where n and k are the real and imaginary (extinction
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coefficient) index of refraction. They are related to each-other by Kramers-Kronig
relation39. But since k is usually much smaller than n, it is in generally neglected.
3.6 Electroplating
Electroplating is one of the deposition methods, most of the time for metals.In
electroplating, the ionic species in an electrolyte are deposited onto electrodes. In a
typical electroplating setup there are 3 electrodes; working electrode, counter electrode
and reference electrode40. Working electrode (WE), is where the sample is mounted.
Reference electrode (RE), is usually a saturated calomel electrode which is measuring
the potential with respect to WE. Counter electrode (CE) is usually the variable
potential electrode which is mostly an inert metal. During an electrodeposition, WE and
RE potential is monitored and the potential of CE is adjusted to keep the potential
difference between WE and RE at a pre-set value. For each electroplating chemistry,
there is a different pre-set value (standard electrode potentials)41. In our electroplating
experiments we have used the potentiostat, Solartron 1260.
3.6.1 Electroplating Using Polycarbonate Templates
Polycarbonate templates are typically used for the purpose of filtering. Due to
their fabrication scheme, they have a cigar shape, which is, narrow on both sides of the
membrane and expanding in the middle. The fabrication is typically as follows:
Polycarbonate (PC) films are irradiated with Ar9+ energetic heavy ions in an accelerator
because fast heavy ions can produce latent tracks in many dielectric materials. After
adequate treatment, such as chemical or electrochemical etching (mostly by NaOH
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aqueous solution) the pores are formed42. A surfactant is added to improve the wetting
of the PC film during the etching. The template then can be used as a filter or for
electrodeposition of metals43. (see Figure 53).
Figure 53: A commercial polycarbonate membrane sputtered with Au for 2
minutes and imaged with SEM.
One good thing to work with commercial polycarbonate templates is, they come
as hydrophilic, so that there is no need to use a surfactant. But since the membrane is
insulating, first one side is sputtered with gold. Evaporation was tried but due to the
intrinsic stress, the membranes have curled and haven’t become useful. Sputtering is
quick and also doesn’t cause intrinsic stress also makes a more conformal coating so
that the holes are better covered.
After metallization they are mounted on a 25 mm SEM stub and masked with
two o-rings so that the solution only interacts with the front surface smaller than the stub
diameter. In order to electroplate sodium tetrachloroplatinate (II) hydrate
(Na2PtCl4xH2O) salt was dissolved. One disadvantage with this salt is, it isn’t stable
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after the solution is mixed so it has to be used quickly. Also it was mixed with sulfuric
acid, which makes it quite a dangerous solution. When the solution becomes instable, it
turns into Pt flakes and even coats Teflon stirrer.
During electroplating, the current should be monitored, if a sudden increase is
observed, that means it has started overplating and mushroom-like structures have been
formed (see figure Figure 54).
Figure 54: Polycarbonate porous membranes electroplated with Pt. (Left)
overplated regions as seen mushroom shape. (Right) The same template after
dissolved with Chloroform
As seen in the SEM pictures, the diameter of the nanowires is much smaller than
the mushroom shape. In order to dilute the wires, they were washed with Chloroform a
few times and the solution with wires was dropped on the SEM stub for imaging. If the
nanowires are washed many times and diluted even more, it is possible to isolate single
ones (see Figure 56).
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Figure 55: (Left) Polycarbonate porous membranes electroplated with Pt which
are diluted many times. (Right) An isolated single Pt nanowire.
Some templates were intentially left on the SEM stage (it was mounted using
silver paste) for the purpose of field emission experiments (will be covered in future
sections). These templates again with Pt nanowires were dissolved with other solvents
as well, like 1-Methyl-2-pyrrolidinone and Dichloro-methane which give relatively
slower dissolving so some wires aren’t bent or broken like in the case of chloroform
dissolving (see Figure 56).
Figure 56: Free standing and broken Pt nanowires over the Polycarbonate
membrane electroplated with Pt which are diluted many times
Tungsten is also another material which was aimed to be electroplated because
tungsten is corrosion resistant, with highest melting point, and has highest tensile
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strength that makes it a very attractive metal. In literature Tungsten has been reported
not to be electrodeposited from pure state—from either gaseous or organic solutions, but
only in conjunction with the deposition of another metal. There is an upper limit to the
content of tungsten in the electrodeposited alloy. Under certain conditions deposits
preferentially, that is, the percentage of tungsten in the deposit is larger than its metal-
percentage in the bath44. But Pt electroplating has been easier as compared to Tungsten
electroplating.
3.6.2 Porous Alumina Templates and Their Optical Properties
Electroplating procedure into porous alumina45 templates is mostly the same.
But these membranes are fragile as compared to nanoporous polycarbonate membranes
also they have a nominal pore size side. The interesting thing to note here is the gold
sputtered membrane looks different as a result of which side the gold is sputtered and
from which side it is viewed (see Figure 57).
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Figure 57: Commercial Al2O3 Membranes showing the gold deposited sides.
Deposited gold is shown in yellow color. (Upper-left) Gold deposition on the 200
nm pore side and this side is up. (Upper-right) Gold deposition on nominal pore
side and this side is up. (Bottom-left) Gold deposition is on the 200 nm pore side,
this side is down. (Bottom-right) gold deposition is on the nominal pore side and
this side is down (image from Cheol-Soo Yang).
This interesting optical property is related with the structure of alumina
templates. The 200 nm pore side has got pores that are quite periodic and they are
through the membrane. The sputtered gold most most likely goes into the pores and
changes the index of refraction and the membrane looks brownish. If the sputtering is
done on the nominal pore size which might have more random structures and with more
holes closed, the gold film is forming a more uniform coating and it looks reflective.
It has been shown that some alumina membranes have 80% reflection for visible
light (incident on x-y plane) and high transmission of 98% along pore orientation. It has
been reported that gold-filled alumina templates appear to be blue looking parallel to the
pores and red looking perpendicular to the pore axis due to one-dimensional optical
anisotropy due to plasmon related resonance46. They have two dimensional photonic
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crystal properties and can scatter light anisotropically. Also gold hole arrays using
porous alumina have shown notable color change compared with bulk gold as
reflectance measurements were done. To explain these behaviours, for the inverted hole
array structures, Maxwell-Garnett theory has been reported to be applicable47. These
properties can make them potentially applicable to light harvesting (e.g. solar cells) or
illumination (backlight in displays) 48.
3.6.3 Electroplating Porous Diblock Copolymer Templates
Electroplating into nanoporous diblock copolymer templates has been
demonstrated to fabricate ultrahigh-density nanowire arrays34. These polymeric
templates need surfactant in order to improve the yield of electroplating due to their
hydrophobic nature. But adding methanol as a surfactant to the solution has been
helpful. Most metals that have been electroplated are; Co, Cu, Au, Pb, Fe, etc. Due to its
instable nature, mixing with methanol has decreased the lifetime of Pt electroplating
solution. This technique will be covered in more details in section about field emission
and also in future sections.
3.7 Field Emission (FE)
3.7.1 Field Emission History and Theory
Field emission is the discharge of electrons from the surface of a material which
is in the presence of a high electric field. It is also called cold emission because as
compared to thermionic emission (like in SEMs), the electron emission happens at low
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temperatures. It has got applications in microscopy, field emission flat panel displays,
microwave amplifiers, etc.
3.7.1.1 History
It was first reported by R.W. Wood in 1897 and it was later explained by
Schottky by a complete reduction of the potential barrier down to the Fermi Level. But
in 1928 Fowler and Nordheim explained the phenomena based on quantum mechanical
tunneling of electrons through the bent potential barrier due to the electric field
applied49.
3.7.1.2 Fowler Nordheim Equation
The minimum energy that is required by an electron to escape through the
surface a certain material is called the work function (Φ). If the material is subjected to a
strong electric field, the work function lowers and the electrons can leak through the
surface barrier.
Figure 58: Pictorial representation of the bending of the potential barrier in the
presence of an electric field
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The metals usually have a work function of 1 eV up to 6 eV. In order to
effectively increase the electric field that the electrons are “feeling”, is to make the field
emitter tip sharper with small radius of curvature. The emission current is given by:
(35) ( )
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In this equation A and B are constants where B is the field enhancement factor
due to the sharp tips50.
Φ is the work function of the emitter.
E is the applied field when the nanowires aren’t present which is d
VE = .
V is the voltage applied and d is the distance between anode and cathode. If the
measurement is purely based on FE, based on equation (35) the the plot would be like:
Figure 59: Plot of Fowler-Nordheim Equation for ideal Field Emitters
Experimentally ideal emitter means the field emitters are oxide free and the
measurement is in ultrahigh vacuum (10-10 Torr). Also the density of the field emitters
are low so that there isn’t mutual screening between them51.
3.7.2 Field Emission Experimental Setup
For the field emission experiments, we have used a mini pumping station which
can pump down to 10-7 to 10-8 mTorr. A multipin connecter was machined and glued to
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a KF-40 type of vacuum flange using Stycast 1266 (epoxy encapsulating resin) and its
catalyst. The small chamber where the sample is stored for field emission experiments is
electrically isolated using an insulating clamp so that the interference is minimized. The
measurement chamber is also insulated inside using Kapton sheet in order to avoid
electrical shorts. The outside of the measurement chamber is grounded directly. The
circuitry that provides high voltage is controlled with the DAQ which is controlled by
the LabVIEW program. The program sweeps the voltage at the DAQ up and down and
also measures the amount of current that is amplified through the current amplifier via
the voltage output of the current amplifier. The DAQ voltage is fed into a high voltage
source (EMCO CA20P) which is a low noise programmable voltage amplifier (see
Table 5).
Table 5: The pin number and functions of the programmable high voltage power
supply
In order to reduce the measurement noise, the whole circuitry was put in an
aluminum circuit box. Only BNC and Triax connectors were used. At the output voltage
a standard 100 Ω resistor was used (99.7 Ω, precisely) which goes to a resistor selector
adjusted with a rotary switch. So that depending on the measurement a different value of
resistor could be used (see Figure 60). The applied voltage can also be measured via PA
PIN # FUNCTION
1 Output Voltage
2 Programming: 0 to +5V
3 Ground
4 Voltage Reference +5V
5 Case Ground
6 + Input: 11.5 to 15.5V
7 Voltage Monitor: 0 to +5V
8 Output Return
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output of the circuitry because the current through the know resistor gives the
amplification factor which is the voltage.
Figure 60: Electronic Schematics of the High Voltage Source Controlled by the
computer. VM: Voltage Monitor, DAQ: Data Acquisition, PA: Potential Applied
3.7.3 FE materials
As mentioned in previous sections, there are many materials that could be used
in FE measurements which are; nanowires grown in polycarbonate membranes, alumina
membranes, nanowires in diblock copolymer templates or single, sharp tungsten tips.
Carbon nanotubes (CNT), have also been used extensively for their potential use in FE
devices.
3.7.3.1 Carbon Nanotubes
Carbon nanotubes are a new modification of carbon discovered in 1991 by Ijiima
while looking at soot residues from a Fullerene experiment52. Single-walled carbon
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nanotubes (SWNTs) are a new group of carbon material possessing one-dimensional
cylindrical geometry formed by rolling up an sp2-bonded graphene sheet53. Their 1D
structure and nanoscale diameter make SWNTs an important candidate for various
electronic and optical applications. For the metallic configuration, extremely high
current densities of more than 1010 A/cm2 have been reported54. This is why they are
important candidates for FE experiments.
In order to grow single walled carbon nanotubes (SWNT), metal catalysts such
Fe, Co, Ni can be used. It is possible to produce large quantity of SWNTs with high
yield55. the SWNT growth is usually done in a quartz tube with the flow of methane and
hydrogen gas at high temperatures such as 850 °C to 900 °C. Block copolymer metal
catalysis patterning can be a useful technique so that the nanotubes are separated from
each other which would prevent mutual screening effect.
3.7.3.2 Fabrication of Sharp Tungsten Tips
Commercially vacuum annealed polycrystalline tungsten wires are used in
Scanning tunneling microscopy (STM). It is also reported that tungsten oxide layer
which is from a few up to about 20 nm can also lower the tip field emission efficiency.
There are methods for cleaning and preventing the oxides56. But we will first focus on
the fabrication side.
The reason why we chose tungsten is because tungsten has a melting point of
3410° C (highest), it is corrosion resistant and only attacked by HNO3 and HF mixture.
Also it is quite easy to make sharp tips with table top experimental setup. For
fabrication an electro-etching setup was built and used. (see Figure 61)
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Figure 61: Tungsten Electro-etching setup which consists of a beaker of KOH
solution, and a machined stainless steel electrode for uniform ionic exchange.
The setup is quite simple. In general the STM tips are fabricated by electro-
etching tungsten wire in NaOH or KOH solution. In order to repeat this experiment a
(SS) stainless steel electrode was machined. All the joints were also welded so this
creates a uniform electric field source in the solution. Then the SS electrode is dipped
into the 4 molar NaOH solution and connected to the power supply which can provide a
couple of amps of current.
As the tungsten wire (around 100 microns in diameter) is dipped in the solution
a meniscus forms. Around the meniscus, the electric field lines are intense and this
causes the wire to be etched faster at this point. Depending on the voltage used, but
typically in 2-3 minutes, the part of the wire which is inside the solution drops into the
beaker and the current is stopped. This procedure gives us tips at various geometries but
all sharp and they geometry mostly depending on the etching time and voltage56. This
drop-off method was developed by Bryant et al57. (Typically lower molarity (OH)-
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solutions have been used were a few mM) but since we were etching thicker diameter
wires, we have used higher concentration solutions and it has worked well for our
purpose.
Figure 62: Tungsten tips formed by electroetching at a potential of 2V. (Left)
optical microscope picture at highest magnification (Right) SEM picture of the
same type of tip.
If the same concentration of solution is used but different voltages are applied it
is possible to get different geometries. For example the tip below has been etched at 16
volts, which is much higher than typical voltages (see Figure 63) . At this voltage the
etching was much faster (etching current depends on how much of the wire is in the
solution).
Figure 63: Different shape of tungsten tip formed by higher etching voltages. The
SEM image (right) is the magnification of the tip.
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Using the same tip forming method, also tungsten gaps were made. This was
again for the purpose of FE experiments. This way the gap could be controlled by
etching time.
In this case tungsten wire was glued to a glass slide and the contact was
reinforced with copper wire using silver paint. The whole contact was covered with
encapsulating epoxy. (Stycast). (see Figure 64).
Figure 64: Using electro-etching again, forming tungsten gaps for FE experiments.
(Left) The tungsten wire is on glass slide, encapsulated with epoxy and outer
contacts are made from copper wire. (Right) The gap is formed after
electroetching. The gap size is around 100 microns wide.
The slide with only tungsten wire exposed partially is then dipped in the solution
and the same etching procedure is repeated. This time the resistance between the two
copper wires was monitored. As the etching goes on the resistance increases because the
diameter of the wire gets smaller and smaller. As the gaps begins to open, the increase
in the resistance is quite high but not zero because the gaps are still in concentrated
ionic solution and the current still runs through the solution. When this sudden jump in
the resistance is monitored, the etching is stopped. This results in a tungsten wire gap
with at around 100 micron opening. If the etching time can be controlled more precisely
the gap width could be reduced.
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3.7.4 Field Emission Experiments performed with Fabricated Samples
The field emission experiments were performed initially with diblock copolymer
templates, electroplated with cobalt. In order to check the validity of the measurement
setup, the tests were also done with sharp tungsten tips.
3.7.4.1 Field Emission Tests with Cobalt Nanowires in Diblock Copolymer
Template
The template fabrication and electroplating has been performed by our group
members before especially for cobalt electroplating58. First Cr and Au were thermally
evaporated on pre-cleaned Si substrate which is 100 microns thick. A solution of P(S-b-
MMA) (72/28) with a concentration of 10 % by weight in toluene was spin casted on
the gold coated substrate at a rate of 800 RPM which gave a thickness of around 1
micron. PDMS was also spin casted on aluminized kapton film and crosslinked. The
reason of using PDMS is to have a smoother surface as compared to Kapton and also to
avoid sparks due to high voltages during annealing process. The diblock coated wafers
were sandwiched between microscope slides and PDMS coated aluminized kapton.
They were annealed at 180 °C for 15 hours and and electric field of 40V/µm was
applied. This electric field has oriented the diblock copolymer in the direction of the
field and cylindrical PMMA blocks were formed in PS template.
For the electron beam exposure, a 100 µm diameter of circle was pattern on the
template with the following parameters:
• Area dose: 60-70 µC / cm2
• Beam current: 80-100 pA
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• Working distance: 15 mm
• Accelerating Voltage: 20 kV
• Center to center/Line spacing: 545 A°
After e-beam, the sample was developed in acetic acid (pure) for 30 minutes,
and rinsed with de-ionized water. It was left overnight for drying. It was plated with Co
up to a target thickness of 200 nm. The edge of the cathode was removed from block
copolymer film in order to make a contact with gold wire with Ag paint. The picture
below shows the schematics of the layers and the optical microscope image of the block
copolymer electroplated circular region.
Figure 65: (Left) The diblock (DB) template on Au+Cr evaporated on Si. The open
region is where the nanowires are that are perpendicular to the substrate—side
view. (Right) The optical image of 100 µm diameter circular region with Co
nanowires
This fabrication above was to make the cathode that consists of Co nanowires. In
order to make the matching anode, the same gold coated substrate was used. This time
the electron beam resist, PMMA (7% in anisole) was spin casted on the gold coated
substrate at 1000 RPM which gives a thickness of 750 nm. It was then pre-baked at 180
°C to remove the solvents and also to improve adhesion. This time a 3x3 mm2 pattern
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was exposed in order to open a square window. This time e-beam writing parameters
are:
• Writing mode: Continuous
• Magnification: 20x
• CTC/LS: 2060 A°
• At CL 6 the measured beam current was around 10,000 to 12,000 pA.
• Area dose: 250 µC/ cm2
After e-beam writing the pattern was developed with IPA/MIBK solution (3/1 by
volume). As a result a 3 mm by 3 mm square window was opened on PMMA coated Au
surface. This served as the anode. The anode was glued (using Stycast 1266 which has
low vapor pressure for vacuum) to the printed circuit board with the open window
facing up. The edges were removed from PMMA and connected with a gold wire to the
pin connectors (see Figure 66). On top of the anode, the cathode consisting of circular
nanowire region was placed so that the window is aligned with the Co nanowires. It was
fixed using bronze. The whole assemble was mounted on Teflon in order to avoid shorts
to the metal housing of the vacuum system.
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Figure 66: The field emission setup for measuring the emission from Co nanowires.
The anode is facing up with the open window, spaced with PMMA of 1 micron
thickness, and aligned with Co nanowires on the cathode. The whole assembly is in
the vacuum.
After the whole assembly is finished, it was put inside the mini pumping station
chamber and pumped down to 2.7x10-7 Torr. The measurements are done with the
computer controlled electronic setup. Up to 15 volts there wasn’t any significant change
which might be due to the turn-on voltage of cobalt wires. But this might depend on the
oxidation of the nanowires. But after 15 volts the current started increasing
exponentially (see Figure 67).
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Figure 67: The field emission curves from Co nanowires (Left) The I-V curve
plotted directly. (Right) the Fowler-Nordheim plot and the picture of the sample
after the experiment.
The plots above show that there is some emission but the Fowler-Nordheim plot
doesn’t look that linear. Also the picture of the sample after the experiment shows that
there has been some overheating or molecular migration. For an ideal field emission, the
current should be stable and the material characteristics shouldn’t change. If the cobalt
nanowires have oxidized, the oxide might have changed the tunneling current and the
emission might not have been stable over the time. Or in the case of overheating, the
Fermi level might change again since the electrons start boiling-off the sample and this
would give a non-linear Fowler-Nordheim plot. One last statement would be the
screening effect due to the high density of nanowires. If the nanowires had been
isolated, each of them would experience more electric field that would induce more FE.
115
3.7.4.2 Field Emission Tests Using Sharp Tungsten Tips
The nanowires inside the block copolymer template has shown some emission
but in order to show the validity of the system, all the same and equipment was used to
test the field emission properties of the sharp tungsten tips fabricated as mentioned in
previous sections.
After pumping down for couple of hours inside the mini pumping station, the
voltage was swept from 0 all the way up to 1200 volts using the high voltage source.
The turn on voltage was observed at around 800 volts. The reason why a higher voltage
was used as compared to Co nanowires inside the block copolymer template is because
for the nanowires the anode-cathode distance was only around 2 microns. Where as for
the case of tungsten wires, it was around 100~200 microns. The plot below shows one
of the curves recorded using tungsten tips (see Figure 68). These sweeps were measured
up and down. And for some samples a few times. It looks like the samples behave better
as a field emitter after they have been recycled up and down a couple of times. Without
the sweeps, the measured current seems to have sudden ups and downs. This might be
due to the removal of adsorbed oxide layers on surface.
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Figure 68: The field emission curves (sweeping down) for the fabricated sharp
tungsten tips. (Up) The plot shows that the turn on field was around 800 volts
(Bottom) Fowler-Nordheim plot of the same data points shows quite linear
behaviour.
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CHAPTER 4
DIBLOCK COPOLYMERS FOR NANOFABRICATION
Diblock Copolymer systems allow self assembly of nano porous templates with
high throughput at large scales. Diblock copolymers consist of two blocks of polymers
connected at the ends by a covalent bond. From a thermodynamic approach, when the
Gibbs free energy on mixing is positive, the system phase separates and depending on
the volume fraction of each component (30/70), cylindrical morphology can be
achieved. We have used block copolymers to fabricate metal nano wires with high
aspect ratio through electroplating, or used them as thin films, as an etch mask to
fabricate metal dots and patterns.
4.1 Introduction to Diblock Copolymers
Self-organizing materials offer beauty and simplicity with spontaneous
arrangement into regular systems. One way to achieve self organization at the nanoscale
is using block copolymer systems. The application of diblock (DB) copolymers for
nanolithography1 has gained importance in recent years, both for perpendicular
magnetic storage media2,3,4,5 and optical6,7,8,9,10,11 devices. Diblock copolymers offer
self-assembled periodic nanoscopic domains of one polymer block separated by regions
of the other block. By selectively removing one block, by irradiation and a solvent rinse,
for example, a DB copolymer film can be transformed into a nanoporous lithographic
template7. Block copolymer films can form regular patterns at dimensions not
achievable by current lithographic methods. A block copolymer lithography process
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provides feature sizes of less than 20 nm with densities of 1011/cm2. If high throughput
structures are desired to be fabricated, self-assembly should be considered.
Diblock copolymers (DBCP)s are two polymer blocks attached together with a
covalent bond. When two immiscible blocks minimize the free energy, microphase
separation occurs, forming self-assembled structures that can be the foundation for
lithographic templates. In this work we have used two block copolymer systems:
polystyrene-polymethyl methacrylate (PS-b-PMMA) and polystyrene-poly(4-
vinylpyridine) (PS-b-P4VP).
DBCPs were chosen to fabricate nanoporous templates as a bottom-up approach
for making small scale features, whereas electron beam lithography was used as a
complementary method for making larger size scale templates. Electron-beam
lithography was itself also used to pattern DBCPs which makes it possible to transfer
nanotemplates in preferred regions which expands the versatility of these systems to be
used for photonic applications12.
4.2 Fabrication of Nanotemplates Using Thick Diblock Copolymers
We have used DBCPs for making thin (thickness <100 nm) or thick (thickness ~
1 microns) templates which have cylindrical pores oriented perpendicular to the
substrate. For thin templates, only self assembly was used, however for making thick
templates in addition to self assembly, external electric field was applied to align the
pores along the incident axis of the plane. Thick templates and their use with electron
beam lithography, development based on various temperatures can give insight about
the nature of electron interaction and the chemistry of DBCPs.
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4.2.1 Thick P(S-b-MMA) Diblock Copolymers: Electron-beam Exposure and
Chemical Development Study
We use electron-beam exposed cylindrical phase poly(styrene-block-
methylmethacrylate) P(S-b-MMA) DB copolymer films developed in acetic acid as
templates to fabricate high density arrays of nanowires via electrodeposition,2. Although
electron beam irradiation on diblock copolymers has been used previously2,13,14,18 it
has not been examined in detail. This work is focused on improving the performance of
DB copolymer films as lithographic templates by exploring their dependence on
exposure and chemical development conditions.
4.2.1.1 Fabrication of Thick DBCP Templates
The fabrication of samples began with a wafer cleaning procedure. Silicon (100
µm) wafers, with <100> crystal orientation and 100 µm thickness, were used for the
ease of cleaving and also in order to have adequate transparency for the small angle x-
ray scattering (SAXS) measurements. The wafers were cleaned in an ultrasonic bath of
CMOS grade trichloroethylene and VLSI grade acetone and methanol for 10 minutes
each. Immediately after cleaning, the wafers were coated with 5 nm Cr (rate of 1 Å/s),
as an adhesion layer, and 40 nm Au (rate 2 Å/s) in a thermal evaporator at a base
evaporation pressure of approximately 5x10-7 Torr .
The molecular weight of the P(S-b-MMA) diblock copolymer film (DBCP) was
44 kiloDaltons and the PS/PMMA volume ratio was 70/30. It was dissolved and mixed
in toluene at a concentration of 1:10 by weight. After the polymer was dissolved
completely, it was filtered through 0.22 µm pore size teflon filters. The solution was
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then spin coated on Au-coated silicon wafer at 800 RPM for 90 seconds. This rotation
speed gives an average of 1 µm film thickness.
Two glass slides were wrapped with a Teflon film in order to provide an
insulating soft layer for the sample. The DB coated side of the wafer is placed against a
aluminized Kapton sheet of 1 mil thickness with the Kapton layer facing the sample so
that it acts as an additional insulating layer between the aluminum and gold films. 1000
V is applied between the gold film (+) on Si wafer and the aluminum (-) of aluminized
Kapton. The sample was then annealed at 175 °C for 15 hours, in the presence of the 40
V/µm electric field15,16,17(see Figure 69). As a result of annealing, in the presence of
electric field, microphase separation occurs and aligned nanocylinders of PMMA with
diameter of 15 nm and interspacing of 24 nm are created in a PS matrix.
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Figure 69: Schematic description of preparing the DBCP film. Two glass slides are
wrapped with Teflon and the di-block coated side of the wafer faces the
aluminized kapton sheet where the kapton layer faces the Si wafer so that it acts as
an insulating layer in between aluminum and gold films. The electrical contacts
are made from the gold film (+) on Si wafer and from the aluminum (-) of
aluminized kapton. The sample has been annealed at 175 °C for 15 hours in the
presence of 1000 V so that the electric field inside was around 40 V/µm.
A batch of samples for SAXS and imaging purposes were exposed with 254 nm
UV light from a Hg vapor source and electroplated the resulting templates with various
metals. The intensity readings with the UV meter gave us a reading of ~2.6 mW/cm2.
The intensity value gradually decreased until the lamp was warmed-up, so the lamp was
warmed up for a couple of hourse before use. The amount of exposure was 3.25 J/cm2
(20 min, 50 sec at a distance of ~30 cm).
The typical two dots in the SAXS image indicate that the alignment was good
with cylinders perpendicular to the template (see Figure 70).
127
Figure 70: SAXS from Cu nanowires electroplated into the templates. The
template was mounted with an angle of 45° incident to the beam. The two dots
indicate that there is good alignment of cylinders perpendicular to the template.
Also by the analysis of this image, we have measured the center to center spacing
of the nanowire is about 24 nm.
The electron beam exposure was performed using a JEOL 6400 model SEM, and
the exposure patterns were generated using an NPGS e-beam writing system. As for the
electron beam writing parameters; the pixel center-to-center and line spacing distances
were chosen to be equal to 43 nm where the beam size is around 20 nm at this
condenser lens (CL) setting which was 13. The measured beam current and accelerating
voltage values were 47 pA and 20 kV, respectively. The magnification was set to 100X,
corresponding to 800 µm x 800 µm writing field at 15 mm working distance. A total of
49 patterns were written on six samples, each pattern was a 20 µm x 20 µm square with
electron beam exposure starting from 35µC/cm2 with 5 µC/cm2 increments to 235
µC/cm2.
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4.2.1.2 Development with Different Times and Temperatures
All six substrates were e-beam exposed identically and each was developed in
acetic acid at different conditions as noted in Table 6.
Sample # Development Time (min.) Temperature (ºC)
1 10 21
2 20 21
3 120 21
4 10 25
5 20 25
6 120 25
Table 6: Totally 6 substrates were written identically and each were developed at
different time and temperatures.
During development the temperatures were kept at constant values using a
constant temperature bath (see Figure 71).
Figure 71: A constant temperature bath was made by wrapping copper tubing
around a tall beaker. The copper tubing was connected to the water circulator in
order to maintain the constant temperature. The assembly was put in a dewar with
water to create a constant temperature bath.
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After development and de-ionized water rinse, optical microscopy images were
taken using DIC mode (see Figure 72).
Figure 72: The 20 micron sized squares are easily visible and the numbers above
them indicate the amount of electron beam exposure.
In these pictures we see that the squares start appearing at lower dosages as the
development temperature is increased. It can be seen that for too large of a development
temperature, the surface starts to exhibit macroscopic roughness and making it difficult
to obtain a sharply focused image.The test samples were electroplated in a CoSO4
solution to a thickness of 300 nm. The electroplating apparatus included a Solartron
SI1287 potentiostat electrodeposition system with a typical three-electrode cell setup,
with a saturated calomel electrode as the reference electrode, platinum foil as a counter
electrode and the gold beneath the nanoporous polymer template as the working
electrode. Samples used for imaging were electroplated with CuSO4 and commercial
gold plating solution (from Technigold).
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Optically, the regions containing an array of nanowires will appear black since
they are inside the template and absorb light (see Figure 73).
Figure 73: Samples exposed with UV light, developed and electroplated with Co,
Au, Cu. If the electroplating is only inside the template, they look black, otherwise
the metallic color is visible.
Some samples were electroplated in parallel just for imaging purposes using a
JEOL 6320 Field Emission SEM due to higher resolution requirement (see Figure 74).
Figure 74: FESEM pictures of Au nanowires from the cross-section of the template
(this template was electroplated with Au rather than Co for better imaging
purposes). After electroplating the template was diced into two halves from the
middle.
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The same samples were imaged again optically after electroplating (see Figure
75).
Figure 75: After electroplating the 20 micron sized squares, the electroplated
regions are clearly visible to distinguish the plating threshold.
In order to understand the behavior of the plating/non-plating mechanism as a
function of temperature and development time, the whole data set was plotted on a
graph (see Figure 76).
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Figure 76: This plot above shows the working range for ideal electro-plating of the
samples. The blue squares indicate 21 °C and the red triangles indicate 25°C.
There are certain windows for the electroplating to happen depending on the
temperature and development time. We see that for 10 minutes developing time,
there is a gap in the working window. However for 20 minutes, the working range
is between 40-105 µC/cm2. If the development time is longer, plating is observed,
however it is not intense and does not look homogenous.
We see that the plating does not occur for the entire range of development
temperatures and times employed. Under some conditions, plating is not sharply
defined. If the development time is longer, there is plating, however it is not sharp and
does not look as homogenous (see Table 7).
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Sample
# CL
Current
(pA)
Dev. Time
(min.) Temp.(ºC)
Parallel electrode
area (cm2)
1 13/42 47.3 10 21 0.529
2 13/37 47.0 20 21 0.806
3 13/33 47.2 120 21 0.628
4 13/41 47.2 10 25 0.485
5 13/35 47.4 20 25 0.473
6 13/34 47.0 120 25 0.670
Table 7: Comparing the samples with similar electron beam writing conditions,
developed for different times and temperatures.
Another electroplating test was done for a group of samples, again using the
same e-beam lithography parameters but this time with Cu and Co electroplating to
compare the difference of electroplating depending on the solution (see Figure 77).
Figure 77: (Left) Co electroplated regions. (Right) Cu electroplated regions. The
exposure increases from left to right, top to bottom. Cu electroplating looks more
inhomogenous as compared to Co.
One conclusion we can have from the observation above is that Cu is more
inhomogenously plated as compared to Co and due to the rate of electroplating or the
inhomogeniety, the squares are covered at lower dosages as compared to Co. Another
interesting thing to note is that; the electroplating initially happens at the edges. Because
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the central regions get most of the exposure due to the proximity effect of electon
beams.
4.2.1.3 Analysis and Chemistry of Exposure
When PMMA is totally degraded by the electron beam, the typical dosage starts
at around 200 µC/cm2, if similar conditions are used. Whereas in the P(S-MMA)
system, the degradation starts at around 50 µC/cm2,2. This is not surprising because
work done on similar systems show that in a microphase separated block copolymer, the
polymer chains can be thought of as artificially crosslinked since the segments are
restricted to their respective domains. Thus the dose required to cause gelation can be
less than the dose required of a homopolymer of a similar molecular weight18.
Another way to degrade PMMA in a P(S-MMA) film is by exposing it to DUV
light (254 nm). The details can be read in relevant references therein19, where a typical
value necessary for degradation of PMMA is 3.4 J/cm2 whereas for P(S-b-MMA)
system smaller values can be used. In a photo degradation study it was found that the
photo degradation of PMMA are reported to occur either by ester side-chain scission
followed by main-chain scission which forms small radicals such as ●COOCH3, ●CHO
and ●CH3 or by direct main-chain scission producing the scission type radical of
PMMA20. These experiments were verified by several methods including FT-IR. An
exposure work was repeated by our group where samples of P(S-b-MMA) films were
exposed with a mercury lamp (254 nm peak) with exposures of 0.5, 1, 2, 5, 10, 20 and
100 J/cm2 knowing that PMMA has high optical absorption around 250 nm21 and
another sample was electron beam exposed with a typical dosage of µC/cm2, but no
135
difference in the FT-IR spectra was observed as referenced to a virgin sample that hasn’t
been exposed at all. This shows that the UV radiation with our method was only able to
cause main-chain scission, which is enough to develop the templates, that is to remove
the PMMA. This is confirmed with another study done with pure PMMA films exposed
with UV lamp at 254 nm and again no change in optical absorbance spectrum was
measured22.
Other work done on bulk PMMA samples with γ-irradiation have shown that
different free radical concentrations ([Ra] and [Rb]) change as a result of increasing
exposure. Bond scissions and cross linking change accordingly. Also it was reported
that the decay of the radicals in a 1 mm thick specimen is more rapid than a 2 mm one.
In our experiments we did the tests on thin films of thickness ~1 micron23.
A study with ESR technique on PS and PMMA in freeze-drying benzene
solution mixtures by exposing them to excited rare gases have shown that PS reacts
several times as fast than does PMMA and thus creating a “chemical” protection for
PMMA24. An ESR spectrum taken on pure PMMA was characterized by a lot of
complicated weak lines which are distributed all over the whole spectrum, may be
originating from ESR spectra of the radicals of localized electrons in sp2 or sp3 orbitals,
where the hyperfine splitting from the adjacent 1H or 13C nuclei would be easily
distinguished if trans-defects occurred in the pi-system25. The spectrum of pure PMMA
shows an unresolved five line pattern due to hyperfine interaction. These lines are not
clearly distinguished as the case of the familiar 5+4 line spectrum for X-ray (and γ)
irradiated PMMA21. In our measurements we used a Bruker ESP-300 ESR
spectrometer. We have initially compared the exposed and non-exposed films of
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PMMA at room temperature. The scans were repeated and averaged 10 times and scan
frequency of ~9.5 GHz was used, but were not able to resolve the typical nine-line
spectrum of radiated PMMA26. This might be due to the fact that the samples we have
used were just thin films, exposed with e-beam in a 4 x 4 mm2 square region, which is a
much smaller amount to get enough signal as reported in other references where bulk
samples were used. We just got a spectrum that was showing a difference between the
exposed and non-exposed films (see Figure 78). We have also measured the compared
virgin DBCP films with the UV, e-beam exposed and another one dissolved in methyl-
THF and cooled down to 77 °K sample. But the measured spectra didn’t give significant
difference except the latter one.
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Figure 78: ESR spectra comparison of the e-beam exposure on PMMA (Left)
Before exposure (Right) After exposure.
The ESR spectrum of PMMA irradiated by X-rays does not practically differ
from the spectrum of gamma-irradiated samples and also the concentration of free
radicals decayed one order of magnitude in ~40 days27. Again in another ESR study of
gamma-irradiated PMMA has shown that the main-chain scission does not take place by
the direct action of ionizing radiation, the formation of the radicals through bond
scission lead to main-chain scission28. Spin labeling technique also gives important
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clues about how PMMA behaves when the chains are tethered. Fixing one end of each
PMMA chain on the surface gives rise to a very different structure of the PMMA phase,
which has a large free-volume and a broad distribution in comparison with the PMMA
homopolymer bulk, as learnt from ESR measurements29.
It was reported that the effective thickness of the lamellar interface in P(S-b-
MMA) was evaluated to be around 5 nm, regardless of the molecular weight of the DB
copolymer30. But a more detailed work done using ESR with the spin-label technique,
gives more revealing information about the interfacial region was studied. For the
cylinder morphology the structural analyses by other authors suggested that both
components were mixing in the interfacial region. Also segmental mobility in the
interfacial region was not affected by the overall composition and morphology31.
In a DBCP system the irradiated regions have spurs that contain free radicals,
which can crosslink in the case of spur overlapping. A comparison of similar molecular
weight homopolymer PMMA with PMMA in DB system shows that the PMMA in DB
system is 3-4 times more sensitive than the homopolymer system. The reason for this
could be that the PMMA in the DB film is confined inside cylindrical micro domain
which is roughly ~ 12 nm in diameter. Because of this confinement, the blocks of the
diblock copolymer can be thought as artificially crosslinked and therefore the electron
dose for the crosslinking of the PMMA segment could be smaller than what would be
required for the homoplymer PMMA32.
4.2.1.4 Results
In general, it is extremely difficult to determine the specific type of reactions in
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a e-beam irradiated polymeric resist, the possible mechanisms of radiation chemistry are
too complex and numerous. It is even more complex when a system of two different
polymers makes a structure. In this work we have shown that the development
temperature is also an important factor as well as the dosage and we have shown this by
making a plot of the working range matrix of dosage and developing time of the e-beam
irradiated samples. We tried to investigate the optimal area dose and development time
region of DB systems. For high temperatures and longer development times, the PS
matrix might be decomposing by the attack of acetic acid. However if the development
is not enough, PMMA might still remain in the pores, preventing electroplating. If the
area dosage is too low, again with the same mechanism, PMMA might still remain in
the template. If the pattern is exposed too much, then the PS matrix might go into
scission and decompose by the affect of acetic acid. Also at the edges of the squares
some amount of electroplating is observed which might be due to the proximity effect of
e-beam writing.
4.2.2 Reactive Ion Etching of Thick Diblock Copolymer Films
If the electroplated nanowires inside the thick diblock copolymer template can
be isolated, they might reveal interesting optical and conductive properties. However,
cross-linked PS is really hard to remove. Reactive ion etching is usually an effective
method for removing the polymers. So this was the first option to try. Before etching
some measured rates (obtained from Dongha Kim) were applied (see Table 8).
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Table 8: Oxygen reactive ion etching rates for PS at three different power rates.
The values in the table above are approximate values for one type of RIE
equipment. For slow etching, 25 W of RIE power was chosen and at this power level,
PS is etched at a rate of ~30 nm/min as seen in the table. The samples are Au nanowires
inside the block copolymer template. So ideally the gold should not be etched much
with the RIE process, at least not chemically.
The samples were etched for 0.5, 1, 2, 3 and 10 minutes and afterwards they
were imaged. The sample with 2 minutes of etching gave one of the best images as
compared with the rest of the samples with different etching times based on the
visibility of the nanowires (see Figure 79).For imaging, a JEOL 7401F (field emission
cathode) high resolution SEM was used.
O2 RIE for PS
51
(x-linked)
9675
5450
3225
nm/min.Power (W)
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Figure 79: Cross-sectional view of the gold nanowires inside the PS template after
oxygen reactive ion etching. The left side of the image shows the Si substrate and
evaporated gold layer on it.
As seen in the image above, the nanowires have been damaged by the RIE which
might be due to the plasma high temperatures or the high sputtering yield of gold. But
most of them are partially exposed. It was reported that due to the lateral widening of
the holes, aspect ratios higher than 3 was not achieved experimentally33.
4.2.3 Optical Measurements On Thick Diblock Copolymer Films With And
Without Nanowires
Thick diblock copolymer films with and without various metal nanowires inside
the templates were optically measured using the setup seen in Figure 80.
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Figure 80: Optical reflectance measurement setup for characterizing the diblock
copolymer templates with and without nanowires. S1, S2, S3 are the slits; G1 & G2
are diffraction gratings; PM is photo-multiplier, PbS is PbS cell, D2 lamp down to
190 nm and W1 is lamp for higher wavelengths (~3200 nm). The measurements
were done in Toyohashi University in Japan and image provided by Dr. Kazuhiro
Nishimura.
The samples provided were fabricated by our group members (Andrei Ursache,
Qijun Xiao and myself) with various metals (Co, NiFe) inside the templates. These
templates are on gold coated substrate except the ones with Co rings arrays.
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Figure 81: Optical reflectance curves for various nanowire templates. (Left) Bare
Co film on Au and Co nanowires inside DBCP template. (Right) NiFe nanowires
on inside DBCP template with two different molecular weights.
The reflectance curve peaks show that there is a thin film interference. By using
first order thin film interference relation:
(36)
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where λ1 and λ2 correspond to the peak wavelengths and k1 and
k2 are the corresponding integer multiples. The difference between two integer multiples
would be:
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This equation above explains the reason why peak to peak distance increases
with increase in wavelength. Another study done on vertically aligned carbon nanotube
arrays show that they could be extremely dark with low index of refraction
corresponding integrated total reflectance of 0.045%. An ideal black object absorbs all
colors and doesn’t reflect any. Conventional black paint and graphite absorb visible
light due to the pi band’s optical transition, but they have some 5-10% reflection at the
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air-dielectric interface. With vertically aligned low-density carbon nanotubes, they could
achieve very low reflectance. Also if the nanotubes are made of shells which are
birefringent, the effective index of refraction is polarization-dependent. Maxwell-
Garnett approximation holds when the filling fraction of the array is small, that is in the
low density limit46. This explanation gives insight about why the nanowires inside the
templates look black.
4.3 Fabrication of Nanotemplates Using Thin Diblock Copolymers
Using thin film diblock copolymers gives the versatility of a cost effective,
bottom-up nanofabrication method. There is no electric field requirement to achieve
alignment of the cylindrical domains since it is done by self assembly. The self-
assembled templates can be used as a deposition or etch mask (see Figure 82) on wafer
scale. Dot arrays over large wafer areas can be fabricated. These dot arrays can be
formed of metallic, insulating, polymeric34.
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Figure 82: AFM image of P(S-b-MMA) copolymer template aligned on a whole 4”
Si wafer.
The template seen in the picture above is formed from a cylindrical-phase
poly(styrene-b-methacrylate) P(S-b-MMA) diblock copolymer having 30% PMMA
component. The diblock copolymer is applied to the substrate with a standard
photoresist spin coating process and then annealed above the glass transition
temperature. The polymer will microphase separate into hexagonally-ordered cylindrical
domains of PMMA in a supporting matrix of PS 35. Once in this form, the diblock
copolymer film is a special type of lithographic resist, with a built-in periodic nanoscale
structure. By subsequent exposure to UV or an electron beam followed by acetic acid
rinse, the PMMA within the cylinders is removed, resulting in a nanoporous PS film
that resembles a honeycomb. Depending on the choice of polymeric molecular weight,
the pore diameter can easily be selected at a value in the 10-30 nm range, with an array
period that is roughly twice as large. P(S-b-4VP) templates are also advantageous for
fabrication and they can also be used as a electon beam lithographic resist.
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Figure 83: AFM image of P(S-b-4VP) templates exposed with electron-beams of
increasing line dosages (nC/cm). The exposures are triangles and squares of size
200 nm. (Image by Soojin Park).
This nanoporous film can be used as a lithographic mask to fabricate arrays of
nanoscale plasmonic structures. The metal surfaces fabricated using these templates can
have field enhancement effects for plasmonic applications.
4.3.1 Thin Film Diblock Copolymer Template Fabrication
4.3.1.1 P(S-b-MMA) Template Fabrication Procedure
In order to prevent preferential surface wetting of PMMA to SiO2 on the surface,
a PS-r-PMMA random copolymer brush is used prior to diblock copolymer film spin
casting. This is achieved by spin coating a HO-functionalized random copolymer brush.
Which we have used was PS-PMMA (58/42) random brush. It is spin casted on the
wafer at a spin speed of 500-800 RPM for around 60 seconds.The concentration of the
solution is 1:100 in toluene by weight. Fot it to be anchored on the surface, it is
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annealed in vacuum oven at 170 to 180 °C for 3 days. It is important to use a liquid
nitrogen trap when using a roughing pump because the back diffused oil might create
some problems with the surface chemistry. Three days later the oven is cooled down to
room temperature and the surface is washed with toluene at least 3 times at a spin coater
rate of around 3000 rpm. This procedure will give a random brush polymer on the
surface with a thickness of 5-6 nm. Another alternative to brush anchoring method is to
use 0.3 weight % PS-r-PMMA (having BCB Butyl Cyclobenzene) and spin coating it at
2500 RPM in N2 atmosphere. Then mounting the substrate on hot plate at 250 °C for 20
minutes.
Now since the surface is neutralized, the diblock copolymer can be spin cast on
the surface. We usually use 1~2:100 by weight of polymer in toluene solution. Also spin
coating it at a spin speed of 2000~5000 rpm usually works to have a good perpendicular
alignment. The sample is again annealed in vacuum oven for self assembly. This time
annealing is for 18 hours at least at the same temperature range. The glass transition
temperatures of PS and PMMA are 100 and 115 °C respectively. After annealing, the
substrate is again cooled down to room temperature. Again if the alternative brush
coating method is used, 5% P(S-b-MMA) polymer can be spin casted that would result
~200 nm thickness otherwise the thickness with 1 % solutions is usually less than 100
nm. An AFM scan at this stage would give the aligned surface as in Figure 82.
In order to remove the PMMA inside the PS matrix, the sample is exposed to
UV light of about 3 J/cm2 and developed with acetic acid at room temperature for 30
minutes. Then it should be rinsed with methanol, IPA or ethyl alcohol followed by a DI
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water rinsing. The template should be dried for at least 6 hours for a good AFM
imaging.
4.3.1.1.1 P(S-b-MMA) Alignment on a Si Wafer
The steps explained above are for an alignment procedure on Si substrate which
is typically the most standard fabrication. In this work below, a 76 kDalton molecular
weight DBCP solution was used and the spin speed effect was measured with AFM. The
DBCP solution was spin casted at different RPMs from 2600 to 3600 and the alignment
was measured with AFM (see Figure 84).
Phase Height Phase Height
2600
3000
3400
2800
3200
3600
Figure 84: AFM images of DBCP spin casted on Si substrates at different spin
speeds. All images are in height and phase mode of AFM.
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As seen in the images, the spin speed does not change the thickness very much
and alignment is still observed.
4.3.1.1.2 P(S-b-MMA) Alignment on a Half-finished Solar Cell
Heterojunction solar cells36 composed of ordered nanostructures would be
interesting to study if they could be made with the aid of block copolymers. To see how
the alignment works, semi-finished solar cells were ordered from the company Solar
Power Industries. They came without front AR coating or front metal. The wafer sizes
were 150 mm square. The structures are n+/p/p+/Al with 35-40 ohm/square n+ front
layer and 10 ohm/square p+ back layer (with aluminum alloying) and approximately 40
micron thick screen-printed aluminum back layer. There were also two screen-printed
silver soldering pads, 5 mm wide, on the back. These cell structures were fabricated
using monocrystalline wafers ‘pseudosquare’ nominally 700 microns thick doped p-type
to 0.5 - 50 ohm-cm. According to the information from the company, these cells are
etched with KOH on each side to remove damaged Si. KOH anisotropically etches with
different rates and 10-15 microns are etched on both sides.
As wafer were inspected under the optical microscope, the front side wasn’t
polished and had a roughness of 10 microns in a 5 mm scan by the Dektak profilometer.
they were spin casted with 76k block copolymer at 2400 RPM using the procedure
above. The observed alignment was very good inside the trenches(see Figure 85).
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Figure 85: AFM (height and phase) images of the semi-finished solar cells after
DBCP alignment. The images clearly show that there is strong alignment in the
wells. The fast fourier transform (FFT) of the image shows well alignment.
These semi-finished solar cell substrates were etched with CF4 using RIE at low
power. After etching the substrates had noticeable color change due to a film formation.
They were imaged with SEM (see Figure 86).
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Figure 86: SEM picture of the semi-finished solar cell substrates after CF4 reactive
ion etching.
In the image above, it is noticeable that CF4 might have redeposited the
polymeric material back on to the wafer and might have created these micron sized
pillars as explained in RIE section. The region in between the aligned regions look
clean.
4.3.1.1.3 P(S-b-MMA) Alignment on Glass Slides
Since glass slides are commonly used in optical measurements, DBCP alignment
was also processes on glass slides. First the glass slides are cleaned with sulfuric acid
and DI water rinse to remove any organic residue. After DBCP alignment, they were
imaged with AFM (see Figure 87). As seen in the images, the glass ‘dust’ due to the
amorphous structure of glass is on the surface which might be due to sulfuric acid
cleaning, that might have reacted with some impurities in the composition of glass.
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Figure 87: AFM pictures of DBCP alignment on glass substrates. (Left) the crystal-
like structures are visible but there is still alignment around them. (Middle) The
alignment is in the partially wetted regions. (Right) A higher resolution scan of the
wetted region.
This glass substrate coated with partially aligned DBCP was etched using CF4
with 12 W for 2 minutes imaged with AFM (see Figure 88).
Figure 88: AFM picture of the glass slide after etched with CF4. The pattern is still
clearly visible.
12 W of power is relatively a low power and we have used longer time intervals
but the pattern was lost. Also after O2 plasma cleaning of the polymer, the pattern
transfer wasn’t observed. Glass-like material etching was explained in previous sections
and due to the stability of glass, probably a metal mask would be ideal to use for pattern
transfer.
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4.3.1.2 P(S-b-4VP) Template Fabrication Procedure
The fabrication and the structures of P(S-b-4VP) is quite different than P(S-b-
MMA) films. P(S-b-4VP) also gives highly ordered arrays, even better than P(S-b-
MMA) and also it is much faster. One of the biggest difference is the solvent annealing
method rather than thermal.
P(S-b-4VP) was purchased from Polymer Source with Mn,PS=47.6 kg/mol,
Mn,P4VP=20.9 kg/mol and MW/Mn=1.14 and mixed with DMF or toluene solvent with
1.2% by weight. They were spin casted on the pre-cleaned substrates at 2500 rpm for 60
seconds which gives a film thickness of ~25 nm. In a closed chamber at room
temperature, when P(S-b-4VP) films were exposed to tetrahydrofuran (THF) vapor
which is a slightly a selective solvent for PS, would induce the mobility and micelles
would form. When THF interacts with P(S-b-4VP), PS components form a shell around
P4VP blocks which is energetically more favorable and hexagonal arrays are achieved at
room temperature11.
When these well developed micelles are immersed in ethanol, which is a good
solvent for P4VP and a non-solvent for PS for around 20 minutes, the surface
reconstruction occurs and a nanoporous template is formed without removing any
component.
As for the alignment on different substrates, P(S-b-4VP) films can be easily
aligned on Au, Ag and glass surfaces. In Figure 89, P(S-b4VP) is aligned on silver film.
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Figure 89: P(S-b4VP) aligned on silver film evaporated on glass slide.
P(S-b-4VP) patterns were also aligned on and between SiOx rail-like lines. In
this process 1.5 by weight % of P(S-b-4VP) mixed with DMF and spin casted at 3500
RPM. It was solvent annealed in THF vapor for 8 hours. The alignment occurred in
between the troughs and on the line-grating patterns. These grating patterns were written
with electron beam lithography followed by a development and evaporation of silicon
oxide which gave 14 nm high patterns11. The micellar films show good alignment in
between and on the gratings (see Figure 90).
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Figure 90: P(S-b4VP) after solvent annealing in THF showing alignment between
SiOx gratings. The distance between two grating lines is around 300 nm (AFM
image by Soojin Park).
4.3.2 Metal Pattern Transfer
Since metals are good etch masks, it would be useful to transfer the pattern to
form an array of metal dots. This work has been done for making high density arrays of
chromium (Cr) and layered gold/chromium (Au/Cr) nanodots and nanoholes in metal
films by evaporation onto nanoporous templates produced by the self-assembly of
diblock copolymers37.
4.3.2.1 Metal Deposition via Evaporation or Sputtering
Metal deposition can be done either by sputtering or evaporation. To form an
array of metal dots, the template should again be prepared as explained in previous
sections. But when using P(S-b-MMA), exposing the film with UV, this step can be
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skipped because UV light causes scission for PMMA but at the same time it crosslinks
PS which makes it hard to remove after metal deposition.
After having the nanoporous pattern, a RIE of O2 at low power for 7-10 seconds
would be helpful to clean inside the pores down to the substrate. The metal sputtered or
evaporated should be at most 10 nm in order to be able to lift-off.
After metal deposition, we have used photoresist remover 1165 (NMP, 1-
methyl-2-pyrrolidinone) at 120 °C for like an hour. Toluene was also used but was not
effective. The samples are rinsed with methanol, ethanol or IPA and then they should be
ready for imaging (see Figure 91).
Figure 91: SEM picture of P(S-b-MMA) template with Pd/Au sputtered on it. The
gold does not form a uniform film on the substrate and can be clearly seen on the
surface. Template provided by Cheol-Soo Yang.
When using P(S-b-4VP) and P(S-b-MMA) films, after a short O2 RIE cleaning,
10 nm (total thickness) of Ti+Au was evaporated on the nanoporous template. Using the
Trion RIE, the conditions were: RIE:50W, ICP: 250W, Base pressure: 100 mTorr, and
O2 flow rate of 50 sccm. But no pattern transfer was observed. However, when we have
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evaporated only 5 nm of Au+Ti this time and used the same conditions, a successful
pattern transfer was observed (see Figure 92).
Figure 92: AFM and SEM pictures of the transferred Au dots on the surface of Si
after removing the polymeric template with oxygen plasma. (Left) P(S-b-4VP)
(Right) P(S-b-MMA).
4.3.2.2 Electro-plating
P(S-b-4VP) templates on Au film evaporated on Si were electroplated with Ni
using the 1266 potentiostat. The plating current is proportional with the surface area of
the sample. To see if the sample was overplating or not, the mushroom structure
formation was observed which would be a sudden increase in the electrodeposition
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current (see Figure 93). The reason why we chose Ni is because it is a good metal etch
mask (much better than gold which has a high sputter yield).
Figure 93: Electroplating Ni into a P(S-b-4VP) template (images are 3x3 microns).
(Left) After electroplating, some mushroom structures are visible. (Right) After
oxygen plasma cleaning, the template is removed and only the electroplated region
is visible. (Image from Soojin Park)
4.3.3 Electro-etching Metal Surface Through Template
Electro-etching is the reverse of electro-deposition where the metal is removed
from the surface. Electro-etching is used in the section where holey silver films were
fabricated but due to the anisotropy of wet etching, this method was skipped the
fabrication of films made by electron beam lithography.
The electro-etching solution is very easy to prepare and it consists of only 1 part
nitric acid and 15 parts of de-ionized water. A stainless steel counter electrode is used as
the anode and approximately 3-4 volts of potential difference is sufficient for a steady
etch. This time as the material is etched away from the surface, the total surface area
will decrease and the electro-etching current will also decrease as long as the ionic
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concentration of the etching solution is kept the same. This time a P(2VP-b-MMA)
(56k-57k) pattern was prepared and used as an etch template. Underneath the pattern
and evaporated silver film was on Si substrate. After etching the pattern was cleaned
with oxygen plasma, imaged with AFM and SEM (see Figure 94).
Figure 94: Electro-etched patterns of silver on Si substrate (image size is 3x3
microns). (Left) AFM (Right) SEM images. (Images provided by Soojin Park).
4.3.4 Electron-beam Lithography using Thin Diblock Copolymer Templates
My predecessor Mustafa Bal, has demonstrated the electron beam lithography of
P(S-b-MMA) template using various area and line exposures32. For exposing thin film
P(S-b-MMA) template, best working range was 200 µC/cm2 and the working line dose
was 2 nC/cm.
Similar test exposures were also done on P(S-b-4VP) films on Si that were
solvent annealed using THF vapor. Since the exposure was performed in a very small
region and also the film is too thin to be optically visible, some navigation markings
were made on the silicon wafer before e-beam exposure. These markings we helpful
when scanning with AFM to locate the exposed regions.
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The test patterns started from 0.3 nC/cm and went all the way up to 20 nC/cm
but the best working range was found to be 2-7 nC/cm. A series of test patterns
consisting of square, circle and triangle that have a base measurement of 200 nm were
written with a single line exposure (see Figure 95).
Figure 95: Square, circle and triangle patterns with size of 200 nm exposed to P(S-
b4VP) film on Si after surface reconstruction. The exposure is 2,4, and 7 nC/cm
from top row to down38.
The pattern above becomes visible with AFM after surface reconstruction with
ethanol. In the exposed region one block was cross linked while the other block might
go into scission. This contrast could immobilize one component during ethanol
reconstruction.
Using this method Ni dot arrays were also produced. After solvent annealing of
the film, line patterns of 8 nC/cm were written and the surface was reconstructed using
ethanol. A short oxygen plasma cleaning was done to remove the bottom layer of P4VP
160
blocks and Ni was evaporated thermally at around 10 nm. After evaporation the
template was removed in chloroform with ultrasonication and pattern was imaged using
FESEM (see Figure 96).
Figure 96: Nickel dot arrays transferred on to the Si substrate via electron-beam
lithography through P(S-b-4VP) film. Scale bar shows 100 nm. Image from Ref 38.
4.3.5 Reactive Ion Etching and Ion Beam Etching of Diblock Copolymers as Etch
Mask
As mentioned in the earlier sections about ion beam and reactive ion etching, the
etch mask is important to transfer the pattern onto the substrate in terms of the
selectivity and anisotropicity.
Diblock copolymer templates have been used as an etch mask before. In the case
of P(S-b-MMA) templates, after removing the PMMA, the PS has been etched with RIE
and the nanoporous template has been transferred into the silicon surface. With the SF6
based etching plasma chemistry, the selectivity of silicon to PS was roughly 25 but the
silicon etch rate in the nanopores was significantly reduced39.
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In order to make high aspect ratio structures using P(S-b-MMA) templates, hard
masks are neeed, which provide more selectivity compared to PS or PMMA. Using an
oxide as a hard mask and anisotropic etchant HBr for RIE, 100 nm deep structures have
been fabricated40.
The mask reversal has also been performed using the P(S-b-MMA) templates.
First nitride dot arrays as a hard mask and silicon pillars were fabricated41. Higher
aspect ratio silicon pillars were fabricated with a combination of RIE and IBE and
around 90 nm tall pillars were made where Cr was used as an etch mask. Cr has served
as a robust etch-mask and obliquely incident Ar sputtering resulted sputtering away the
top surface and sidewalls of Cr coated PS. Consequently, Cr islands were left on the
surface and used as an etch-mask42.
4.3.5.1 Direct Reactive Ion Etching DBCP
It has been shown that microphase-separated PS-PMMA diblock-copolymer film
which has PMMA spherical domains, has an etch selectivity. It was used to transfer PS
film into Si substrate via CF4 RIE. Also since the carbon and oxygen contents make a
difference in etch rates43.
In this section, the test results will be outlined. These tests were done using the
reactive ion etching equipment from Trion Technology, which includes RF and ICP
(inductively coupled plasma) power sources. It has got 4 gas inputs; O2, CHF3, SF6 and
CF4. After RIE, all the samples were imaged with the optical microscope and also with
AFM to observe pattern transfer. The nano-porous templates PS-PMMA are all
developed (PMMA removed) and PS-P4VP are reconstructed.
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If the power is too low, the plasma does not strike, then the pressure of gases
should be increased or the ICP used. RF power should be set to a higher value.
Substrate Gas Flow (sccm) Pressure (mT) Power (W) Time (s) Comments on
pattern look,
roughness
PS-P4VP on Si
UV x-linked
CHF3 50 100 ICP=100 120 Slight, ~10 nm
PS-P4VP on glass
UV x-linked
CHF3 50 100 ICP=100 120 Slight, ~10 nm
PS-P4VP on Si CHF3 50 100 ICP=100 120 Good, ~5 nm
PS-PMMA on Si CHF3 50 100 ICP=100 120 OK, ~10 nm
PS-P4VP on Si
UV x-linked
CHF3 50 100 ICP=200 120 Irregular, ~5 nm
PS-P4VP on glass
UV x-linked
CHF3 50 100 ICP=200 120 Irregular, ~20
nm
PS-P4VP on Si CHF3 50 100 ICP=200 120 Irregular, ~5 nm
PS-PMMA on Si CHF3 50 100 ICP=200 120 OK, ~10 nm
Cross-linking has a slight positive effect for nano mask hold. As power increases DBCP pattern is lost.
(Continued on next page).
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Substrate Gas Flow
(sccm)
Pressure
(mT)
Power
(W)
Time
(s)
Comments on pattern look,
roughness
PS-P4VP on Si CHF3 50 100 ICP=100
RIE=20
60 Very good, slightly larger holes,
~15 nm, see Figure 97
PS-P4VP on Si CHF3 50 100 ICP=100
RIE=20
120 Irregular, ~20 nm.
PS-P4VP on Si CHF3 50 100 ICP=100
RIE=20
240 Irregular holes, ~3 nm.
PS-P4VP on Si SF6 50 100 ICP=100
RIE=20
60 Irregular, ~50 nm.
PS-P4VP on Si SF6
O2
45
5
100 ICP=100
RIE=20
180 Irregular, ~100 nm.
PS-PMMA on
Si
CHF3 50 100 ICP=100
RIE=20
60 OK, 5 nm.
PS-PMMA on
Si
CHF3 50 100 ICP=100
RIE=20
120 OK, 5 nm. See picture B2
PS-PMMA on
Si
CHF3 50 100 ICP=100
RIE=20
240 OK, 5 nm, pattern sharper. see
Figure 97.
PS-PMMA on
Si
SF6 50 100 ICP=100
RIE=20
60 OK, ~10 nm.
PS-PMMA on
Si
SF6
O2
45
5
100 ICP=100
RIE=20
180 Very rough, ~180 nm.
PS-P4VP on
Glass
CHF3 50 100 ICP=100
RIE=20
60 Local pattern, ~10 nm.
PS-P4VP on
Glass
CHF3 50 100 ICP=100
RIE=20
120 Local pattern, irregular hill
formation, ~10 nm.
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PS-P4VP on
Glass
CHF3 50 100 ICP=100
RIE=20
240 Irregular and bigger hills, ~10
nm.
PS-P4VP on
Glass
SF6 50 100 ICP=100
RIE=20
60 Irregular, ~80 nm.
PS-P4VP on
Glass
SF6
O2
45
5
100 ICP=100
RIE=20
180 Irregular, ~50 nm.
PS-P4VP on
Glass
SF6
O2
45
5
100 ICP=100
RIE=20
60 Irregular, ~15 nm.
CHF3 is more uniform and etches slower than SF6. SF6 causes surface roughness and pattern is lost. PS-
PMMA holds better than PS-P4VP.
Table 9: RIE tests for etching time and etchant on DBCP etch mask using CHF3
and SF6+(O2) . The substrates are Si and and glass.
Figure 97: (Left) PS-P4VP etched with CHF3 for 60 s. (Right) PS-PMMA etched
with CHF3 for 240 s under same conditions.
SF6-based plasma chemistry has been used before to transfer PS-b-PMMA film
into Si surface. It was reported that even at low flow rate 10 sccm, bias power of 10W
and 10 mTorr for 2 min, the surface was roughened considerably by the isotropic
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etching effect of SF6 RIE44. This might explain why SF6 based etching chemistry
roughens the surface.
4.3.5.2 Reactive Ion Etching on Metal Coated DBCP
Metals can enhance the etch mask resist properties. So metals were evaporated
on DBCP to improve the durability of films under RIE.
4.3.5.2.1 Ni and Cr on PS-PMMA
Ni and Cr was evaporated (separately) on PS-PMMA developed at a tilted angle
(around 70 degrees with the incident) using the electron beam evaporater but using the
thermal source for a more uniform coating. For Cr rods with tungsten heater was used.
The reason for angle evaporation is used to have Ni/Cr coated only on the surface but
not inside the pores which would give a couple of nanometers of Ni/Cr on the surface of
the template. The total amount evaporated was 5 nm as measured by QCM. As seen in
Figure 98, the nanopores are still visible after Ni evaporation. The Cr evaporated sample
looked the same.
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Figure 98: After 5 nm of Ni with angle evaporation on developed PS-PMMA
template.
Each Ni and Cr evaporated sample was diced into 5 smaller pieces and each
piece was etched with RIE using following conditions:
SF6 12 sccm, O2 (4, 6,8,10,12) sccm, pressure 100 mT, ICP=50W, RIE=50W.
The first 30 seconds, second and third 60 seconds and the last ones 120 seconds. After
etching the patterns optically looked smooth but with AFM there were 50 nm high
islands irregularly arranged on the surface. For the Cr evaporated samples, the mask
peeled-off slightly.
In another test we have SF6 and CF4 mixtures for etching. A mixture of SF6+CF4
(each 25 sccm), RIE=100 W, ICP= 20 W, P=100 mT for an etching time of 45 seconds
kept the pattern on the surface. Slightly lighter conditions; RIE=ICP=30 W, P=50 mT,
SF6 25 sccm for 40 seconds still kept the pattern on the surface . When we etched using
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the same conditions for a longer time (80 seconds) as in previous sample, the pattern
was still there. (see Figure 100). In these tests we have used a matrix of power, etching
time and gas mixture. Here only the working conditions are presented.
Figure 99: (Left) PS-PMMA film with Cr coating etched with SF6+CF4 mixture
(each 25 sccm), RIE=100 W, ICP= 20 W, P=100 mT for 45 seconds. (Middle)
Slightly lighter conditions, RIE=ICP=30 W, P=50 mT, SF6 25 sccm for 40
seconds.(Right) The same conditions as the middle one, just etched for 80 seconds.
The Fast Fourier Transforms of the images (right-upper corner) indicate ordering.
4.3.5.2.2 Cr on PS-P4VP
We have seen in previous results that PS-P4VP films are not as resistant as PS-
PMMA but they have a better regularity and easier, quicker to fabricate. So more tests
were employed on PS-P4VP films. This time thicker layer of Cr was thermally
evaporated on the nanoporous template with an angle of 80 degrees with the incident
and at a thickness of ~18 nm as measured by QCM. Again the goal is to have deposition
only on the surface but not inside the pores.
This time on 30 seconds of etching was done on the samples and the pressure
was held at 100 mT for each run. The total gas flow was also kept constant, only the
composition of the gas and the power was changed.
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Sample Gas Flow
(sccm)
Power
(W)
Comments on pattern look, roughness
#1 SF6 50 ICP=100
RIE=20
No Pattern
#2 CF4 50 ICP=20
RIE=100
Very smooth pattern, ~5 nm.
#3 CHF3 50 ICP=20
RIE=100
Very smooth pattern, ~6 nm
#4 SF6
CF4
25
25
ICP=20
RIE=100
Hills and valleys but pattern is still there,
~52 nm. See Figure 100.
#5 SF6
CHF3
25
25
ICP=20
RIE=100
Pattern is smooth, ~5 nm. But optically
has some roughness. See Figure 100.
#6 CF4
CHF3
25
25
ICP=20
RIE=100
Pattern is smooth, ~5 nm. Optically some
regions have valleys.
If ICP power is high, the sample is etched much faster and pattern is lost, although
ICP brings anisotropy. SF6 again etches much faster and CHF3 etches slower but more
uniformly. Mixing etchants preserves the pattern in local regions, but in larger areas
pattern has hills and valleys.
Table 10: RIE tests for etching Cr coated PS-P4VP pattern. The same pressure,
time, power (except first sample) and total flow rate was used.
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Figure 100: Samples etched under the same conditions, only one etchant was
exchanged. (Left) #4, SF6+CF4 (Right) #5, SF6+CHF3.
As seen above, the etching is dynamics is very much related with the etching
chemistry which is the etchant. When the product films above were measured with the
thin film interferometer (Filmetrics), sample #4 showed the lowest reflectivity
significant than the others, which means that there is an optical film formation. Then the
same conditions were repeated but for a slightly longer etching time (it was 30, now 45
seconds) and the pattern was conserved in the local regions but hills and valley
formation was observed (see Figure 101).
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Figure 101: Sample etched like #4; SF6+CF4 for 45 seconds. A wavy pattern is
observed but the ordering is still preserved.
When the alignment was on glass surfaces and if the samples were etched with
similar conditions, surface roughness was increasing and pattern was immediately lost.
Only at low ething conditions (ICP=80 W, RIE=40 W, SF6 @ 30 sccm, P =40 mT, for
12 seconds) the pattern could be observed. The instability on glass surface might be due
to the amorphous structure of glass and redeposition of material back on the surface.
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4.3.5.3 Electrical (I-V) Tests Performed on Reactive Ion Etched Samples
The semi-finished solar cells were also etched under the same conditions and
they were characterized with an I-V sweep across the p-n layers (bottom and top
contacts). A general introduction to photovoltaic physics would be helpful to understand
the I-V sweeps.
4.3.5.3.1 General Physics of Photovoltaics
The absorption properties of photovoltaic materials determine to a large extent
how much of the incident radiation can be converted into electricity. The absorption of
light in a semiconductor is determined by several mechanisms, of which the two most
important are the excitation by a photon of an electron from the valence band to the
conduction band and transitions within a band. The first mechanism, referred to as the
fundamental absorption, uses a photon with a minimum energy, slightly lower or equal
to the energy gap of Eg of the semiconductor. For a photon with energy larger than Eg
only one electron-hole pair is generated, the energy in excess of Eg being dispersed as
thermal energy and thus lost for photovoltaic conversion. The second mechanism,
referred to as free carrier absorption, results in an increase of the energy of a free carrier
and cannot be used for energy conversion.
The interaction between incident light and the semiconductor is best described
by an absorption coefficient α(λ). The absorption coefficient itself depends on the
complex refractive index n-ik of the material: λ
piλα k4)( =
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The magnitude of the absorption coefficient strongly depends on whether the
semiconductor is crystalline or amorphous and in the case of a crystalline semiconductor
whether it is a ‘direct’ or ‘indirect’ gap material.
In a crystalline semiconductor with a long-range order a well defined momentum
can be associated with a free electron. In such a case both energy and momentum must
be conserved when an electron makes a transition from the valence into the conduction
band. A photon has a considerable energy but a very small momentum; it cannot
contribute to the conservation of momentum in the crystal.
In a direct gap semiconductor such as gallium arsenide (GaAs) the structure of
the bands is such that an electron with an energy equal to the bandgap can make the
transition to the conduction band without necessary change in momentum, implying that
the requirement of momentum conservation is easily met. Direct gap semiconductors
therefore tend to have large absorption coefficients. In an indirect semiconductor like
crystalline silicon (c-Si), on the other hand, a transition with the minimum energy
(slightly lower than the gap) is only possible if at the same time a change in electron
momentum occurs; this is a result of the complex internal structure of the bands. Crystal
momentum in crystalline silicon can be conserved if a third particle, a phonon, is
involved. As opposed to photons, phonons have only a small energy but a relatively
high momentum. Due to the presense of a third particle the probability of light
absorption is much smaller in an indirect gap semiconductor; therefore crystalline
silicon has a much lower absorption coefficient in the visible light spectrum than GaAs.
In an amorphous semiconductor without long-range order, crystal momentum is
not an important concept and it is not conserved in optical transitions, as it is in crystals.
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Therefore the absorption coefficient in amorphous silicon (a-Si) is an order of
magnitude higher than in crystalline silicon45.
For cost reasons, in industrial Si cells double-layer antireflection coatings are
replaced by single-layer coatings and a surface texture is often omitted46. These solar
cells currently reach power conversion efficiencies ranging from 12 to 16%.
Monocrystalline wafers from electronic-grade Si are an ideal substrate, since they permit
the growth of high-quality monocrystalline Si layers at high temperature and at high
rates. The only obstacle is the high cost of the Si wafer.
There are also various loss mechanisms involveld in solar cells. Losses in power
conversion efficiency are caused by non-absorption of solar radiation (e.g. sub-bandgap
radiation), by non-concentration of solar light, by the thermalization of hot carriers, by
Auger recombination, by luminescence radiation, by surface recombination, and by
grain boundary recombination. For example the limitations to photogeneration can be
determined with the current density:
(38) λλλλ
λ
′′′= ∫
∗ dI
hc
qJ AMsc )()( 5.1
0
Which is achieved if a black solar cell would generate electron-hole pairs with a
wavelength smaller than λ were all converted and collected at the junction. The symbol
IAM1.5 denotes the solar energy flux density (W m-2 nm-1)i. The asterisk in Jsc* determines
the maximum current density, is the photogeneration rate expressed in units of current
i AM: Air Mass
AM1: The sunlight falling on the device placed at sea level under a clear sky with the
sun at the zenith. Around ~90 mW/cm2.
AM0: The sunlight just outside the earth’s atmosphere, ~135 mW/cm2.
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density. Its value is in general larger than the short-circuit current density. Only a cell
with no recombination losses has Jsc* = Jsc . The maximum current density is
Jsc*(4045nm)=69.9 mA cm-2, corresponding to a photon flux integral Jsc*/q=4.3x1017
cm-2
Half of the solar photons have a wavelength smaller than 1000 nm and the other
half has a wavelength larger than 1000 nm. Hence, λ=1000 nm is a “typical” solar
photon wavelength that corresponds to a photon energy of 1.24 eV. At this energy Si has
an optical absorption length of Lα=156 µm. The optical absorption length is the inverse
of the Si absorption coefficient αs. A cell thickness of several hundred µm is thus
required for complete absorption. That is one reason why conventional Si wafer cells
have a thickness of 300 µm. The other reason is that a thickness of 300 µm permits safe
handling of Si wafers.
The graph in Figure 102 shows the power density of sunlight versus wavelength.
As it is seen in the graph, the spectrum above the bandgap wavelength of Si does not
contribute to photovoltaic conversion since the photons above this wavelength can not
create electron hole pairs.
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Figure 102: The curve showing the power density vs wavelength for sunlight
through atmosphere, AM 1.5. (From reference 47).
The bandgap of Si is Eg=1.12 eV at a cell temperature Tc=300 K. The
corresponding wavelength is λg=1108 nm. The onset of absorption at the gap energy is
not sharp, since Si is an indirect semiconductor. The near-bandgap absorption is
phonon-assisted. The photogenerated current density is:
(39) λλλλλ ′′′′= ∫∗ dIWAhc
qJ AMeff
nm
sc )(),()( 5.1
4035
0
Where the optical absorption A(Weff, λ) of a cell of effective thickness Weff (the
ratio of cell volume to the macroscopic cell area). The high optical absorption in a wide
spectral range is achieved by a reduction of the cell’s front surface reflectance, an
enhancement of the back surface reflectance and efficient light trapping that increases
the light’s path length in the cell. There are also methods to increase the optical
absorption physically.
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4.3.5.3.1.1 Back surface Reflectance
Using a back surface reflector doubles the light path length. A high back
reflectance is only required for long-wavelength light, since short-wavelength light is
absorbed at its first pass through the cell. The internal reflectance of a bare Si/air
interface is 0.35 at λ=1000 nm, under normal incidence.
4.3.5.3.1.2 Planar Geometry
A planar thin of thickness Weff with zero front and zero back surface reflectance
at all wavelengths exhibits a single pass of the light through the cell. Such a cell has no
light trapping. The optical absorption is
(40) ))(exp(1)A( s effWλαλ −−= .
4.3.5.3.1.3 Lambertian Light Trapping
By definition, Lambertian surfaces fully randomize the reflected and the
transmitted light for all wavelengths. The photon flux density per solid angle is
independent of direction and position. The average path length is 4nsWeff. Here ns
denotes the refractive index of the cell: that is 3.57 for Si at 1000 nm. Hence we find the
average path length =51Weff for crystalline Si: a 50 µm-thick cell with no back reflector
and no light trapping absorbs light approximately as well as a 1 µm-thick cell with
Lambertian light trapping.
4.3.5.3.1.4 Geometrical Light Trapping
The surface of Si cells is often faceted by anisotropic etching or by mechanical
grinding. It was demonstrated theoretically that certain surface textures may even
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perform better than Lambertian schemes. A disadvantage of steep facets (provide best
performance since a larger Si volume for absorption for a constant film thickness),
increased diode saturation current density due to an increased volume and increased
surface recombination. This disadvantage is, however, overcompensated for by an
enhanced optical absorption.
4.3.5.3.2 Limitations of Efficiency
An increase in the optical absorption beyond the limits for geometrical optics is
possible. The wave nature of light needs to be exploited in light trapping schemes that
exhibit structures with sizes similar to or smaller than the optical wavelength. But there
is also the thermodynamic limit. The photovoltaic device is a thermodynamic machine
working between one heat reservoir, which is the sun at temperature Ts=5870 K, and
another heat reservoir, which is the cell’s surroundings at temperature Tc=300 K. The
second law of thermodynamics limits the efficiency for the conversion from thermal to
electrical power to the Carnot value:
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4.3.5.3.3 Electrical Characterization of Photovoltaic Cells
The easiest way of characterization of solar cells is to perfom an I-V sweep
under illumination and without illumination (to measure dark current). The p-n junction
(if talking about a Si solar cell) is typically a diode. The typical I-V sweep for a solar
cell under illumination is shown in Figure 103.
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Figure 103: Typical I-V plot of a solar cell under illumination. The voltage and
current values measured from the graph are used to calculate the fill factor (FF).
Using the I-V curve above Vmax (maximum voltage), Voc (open circuit voltage),
Imax (maximum current) and Isc (short circuit current) measured. The fill factor is a ratio
gives the maximum power to the theoretical power which is typically >0.6 for most
commercial cells.
(42)
ocscVI
IVFF maxmax=
The efficiency of the solar cell is η which is the ratio of power generated by solar
cell to the power supplied by sun. The theoretical maximum efficiency for Si solar cells
is ~28%.
4.3.5.3.4 Measurements on Reactive Ion Etched Samples
Totally we had 4 group of samples, plain Si, semi-finished Si and the
combinations of these with and without block-copolymer nanoporous template. First to
compare the semi-finished solar cell and block copolymer coated template, substrates
were measured with and without light (see Figure 104). These samples were measured
with a Keithley-2400 sourcemeter, that is controlled with LabVIEW program. The
samples were measured both in dark and light (using a halogen lamp).
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Figure 104: I-V curves of plain Si with block copolymer mask and semi-finished
solar cell. These curves are measured after etching with CF4.
The semi-finished solar cells were mentioned in previous sections in Figure 85
and Figure 86 where the alignment and how they look after etching is visible. These
semi-finished solar cells have a p-n junction which is around half microns thick. After
etching, this p-n junction thickness is reduced and which might lower the efficiency.
Because the n+ on the top of the cell has only a thickness of 500 nm. The contribution
from anti-reflectivity isn’t sufficient to increase the overall efficiency.
The I-V curves of the rest of the plain Si samples did not show much
contribution except that at the metal Si interfaces, a small voltage was produced
probably due to small photocurrent at the junction. Based on some feedback from where
the solar cells were received, the electrodes also play an important role for the I-V
curves since they might act as a shunt resistance or a serial resistance at the output of the
solar cells. Typically Ti, Pd or Ag are used for front shadow mask where the pads
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should be at least 1 mm2 and also should have at least 2 microns of silver (through
electroplating) for a good solder joint. But in our measurements we could only do
evaporation of Ag and a short annealing to make an ohmic junction. We have also used
very small Si substrates.
RIE “grass” is an artifact of etching and occurs when an etch resistant material
accumulates in small patches on the sample surface. These can cause etch-masking
resulting in the formation of cones. It can happen with silver, gold and with polymers
especially using CF4 and if the chamber pressure is above 200 mTorr. The addition of
CHF3 makes it worse. Chamber preconditioning and the addition of O2 might reduce
these effects48.
4.3.5.4 Ion Beam Etching
The ion beam etching setup and the working principle is explained in the
previous chapter. The main mechanism is the sputtering of material with energetic Ar
ions. The Ar ions that are accelerated through the gun are gained kinetic energy and they
sputter the material off the surface.
For the experiments we have used various surfaces. In the case of metals the
sputtering yield is very fast but for polymeric materials the sputter yield is very low and
surface deformation is observed. We have experimented with long range order PS-P4VP
films which is oriented on gold surface and sputtered gold in order to prevent charging.
After ion beam exposure of different time intervals (emission current 30 mA, 2 kV and
Ar pressure of 9x10-6 Torr) , the surface seemed to lose the ordering which was
observed by AFM imaging. After the sample was cleaned with DMF and plasma treated
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in O2 barrel cleaning (10 minutes), the surface still had residual polymer. This could be
due to the cross-linking effect that the ion beams might have caused. The sample was
dipped in KI+I2 gold etchant solution but the polymer films was still there. After rinsing
and cleaning, AFM images were taken and surface roughness of around 60 nm was
observed. Similar results were observed if the template was directly on glass surface.
In another test, the glass substrate with gold surface was coated with oriented
and surface reconstructed PS-P4VP film and evaporated a thin layer (a few nanometers)
of silver by rotation to have coating only on the surface. It was etched with ion beams
for 5 to 10 minutes and then snow jet cleaned (CO2) and RIE of O2 of 30 W, 30 sccm 40
mT for 1 minute. The substrate was scanned with AFM at 100, 600, 1600, 2100, 2600,
3100, 3600 microns away form the center where the beam hits. This would make it
possible to scan different areas since the beam shape is Gaussian that means as going
away form the center, the exposure would decrease. However no pattern was observed
close or around to the beam center. After the samples were washed, there was no pattern
transfer observed.
The etching was observed well for metals if using a metal mask but when using
polymers as an etch mask the mechanism is different. Also another reason is the
inhomegeniety of the ion beam of our system. To get a more uniform etching a
commercial ion beam etcher was used as explained in ion beam etching section. PS-
PMMA template with PMMA removed was aligned on Si substrate and for etching
these parameters were used; 10 degrees of angle with the incident, power set to 575
watts and 500 volts with 0.425 amps. The samples were etched with rotation for a 10
minute of total time (etching done at NH Ion Beam Milling). After ion beam milling, the
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sample was cleaned with oxygen plasma to remove all residual polymer and it was
imaged with AFM (see Figure 105).
Figure 105: AFM scan of the sample which was ion beam etched through the
nanoporous PS-PMMA mask and oxygen plasma cleaned.
The transfer of self-assembled masks into Si has been achieved where they have
coated the surface of Si/SiOx, SiO2 and gold surfaces with PS-P2VP micelles and then
exposed the surfaces to Ar+ ions (at 5keV, 3.5 µA/cm2, 50 degrees from surface normal)
49
. The mask was successfully transferred into Si/SiOx after 300 s ion milling.
The ion beam etching is a powerful physical etching technique but it might not
be suitable to use soft polymer mask, instead the pattern could be transferred to a hard
mask. Because in general, the polymers have a tendency to redeposit on the surface.
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4.3.6 Optical Characterization of Structures Fabricated by Block Copolymer
Lithography
Some samples are simply masked by DBCP and etched by RIE to transfer the
template. In some other cases the DBCP lithography was used to make gold dots
directly on glass slide or on silicon oxide film.
4.3.6.1 Si Substrate Etched by CF4
Samples etched with CF4 showed some visible optical effects. However this
might be due to the redeposition of polymer material back on to the substrate.
Sometimes the polymer source is the etchant gas itself which transforms into other
radicals and redeposit on the surface. A series of etching tests were done on plain silicon
and also silicon with PS-PMMA film aligned (PMMA is removed) giving a nanoporous
template. These samples were etched with CF4 for 1 to 25 minutes. After etching they
were measured with the Filmetrics interferometer (see Figure 106).
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Figure 106: Plain Si and Si surface with nanoporous PS pattern were etched
together and the substrate with PS template shows significant decrease in
reflectivity. (Right) SEM picture from the cross-section.
The reflectance curve above shows that the sample with the nanoporous PS
template has slightly lower reflectivity with a film formed on it. However the SEM
pictures from the top and also from the cross-section does not show much difference. If
the samples were etched for longer time, the lengths of the pillars from the cross-section
increased. Under visible daylight they had the bluish appearance, probably due to
Rayleigh scattering. When measured with the reflectometer they did not exhibit any thin
film interference since the film thicknesses were more than 500 nm and it was not
uniform. These samples were analyzed with the Variable Angle Spectroscopic
Ellipsometer (VASE).
185
Figure 107: Ellipsometry Measurements of the samples etched for 5,15, and 25
minutes. Even though they all have Si pillar structres, they show quite different
ellipsometric data.
The cos(δ) gives us information about the phase shift. It is clear that at around
450 nm, sample 25 has a dip. Where as sample 15 has a phase change after 600 nm.
Sample 5 has a pretty flat behavior except a slight change around 380 nm. If we
compare the tan(psi) data, which is the ratio of s and p waves, again sample 25 has a dip
around 450 nm and sample 15 shows a dip around 700 nm.
This spectroscopic data was used to fit a model but due to the complexity of the
system, the models did not work. The only thing we know so far is the ellipsometric
signature of the samples.
4.3.6.2 Experimental Setup: Extinction/Absorption Measurements
The glass slides were pre-cleaned with sulfuric acid and rinsed with DI water to
remove all organic contaminants before coating any film. Also to enhance the
hydrophilic property, they were exposed to ozone cleaning prior to spin coating which
would prevent wetting problems of the surface. The plasmonic structures were gold
dots, silver film on silicon oxide or gold dots on silver film. An introduction about the
plasmonic behavior for metal films is given in section 2.2.3.
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The glass slides were mounted on a glass prism using index matching fluid. P-
polarized white light was incident on the surface with variable angles because the glass
prism was rotated around axis. If the glass prism is rotated by angle θ, the light reflected
from the back side of glass slide would be 2θ. See Figure 108.
Figure 108: Extinction/Absorption Measurement Setup for measuring the
plasmonic properties of samples. (Spectrally and angle resolved, Marc Achermann
Lab).
The light reflected off from the back of the glass slide was collected with a fiber
that also rotates with angle 2θ and goes into a spectrometer (Ocean Optics). So that an
extinction measurement was done with variable angles. Extinction normally has
absorption and scattering components but here the scattered light is ignored. The
extinction is given by Q=-ln(IT/Iref), in which IT is the transmission spectrum and Iref is
the reference spectrum taken through a substrate without any plasmonic structure (in the
case of gold dots on glass slide, this would be the glass slide only).
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4.3.6.3 Gold Dots
The gold dots were made using a P(S-4VP) template using gold salt. They were
spin coated at various speeds and using salt reduction method, the dots were made by
solvent annealing and surface reconstruction50.
Figure 109: The AFM images of the gold dots on glass slide prepared from PS-
P4VP templates using gold salt. Images are 2x2 microns. (Left) Height mode
(Right) Phase mode. (Courtesy Soojin Park).
The gold dots on glass slides were spin casted at different speeds which would
give different thicknesses. The gold dot sizes were around 17 nm, the thickness were ~
13 nm and the center to center distances were ~43 nm. They were measured with the p-
polarized white light at a fixed angle of 70 degrees of incidence (see Figure 110).
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Figure 110: The extinction versus wavelength graph of gold dots on glass substrate
measured at a fixed incident angle. The gold dots were prepared at various spin
coating speeds of 2,3,4,5 kRPM.
In this plot above we see one main peak which is around ~525 nm and a slight
peak around ~670 nm. As reported before for measurements of gold nanoparticles on a
gold/chromium film, a single peak of ~510 nm for normal incidence (the normal
incident wave has an electric-field component that is parallel to the substrate surface)
was measured. This could be attributed to the resonance wavelength of isolated gold
nanoparticles. A second peak at around ~680 nm was also reported which was measured
when the incident angle was greater than 30 degrees, which has resulted from the image
dipole that is induced in the substrate60. But in our case we have only gold dots on the
surface and not any other metallic film. In our plot it is hard to see the existence of
another peak.
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Another theory predicts for the metallic nanoparticles at close proximity, the
separation distance is important due to the interaction length. When the nanoparticles
are separated smaller than the diameter of each nanoparticle (in our case), they start
interacting. This would predict one more weak extinction peak in the spectrum (lower
500 nm)51. But in our case d/a (distance vs radius) ratio is ~3 and this would not give
any significant interaction.
The shape distribution of nanoparticles would also play a role. This can be
predicted due to the energetics of nanoparticles52. In our case we assume the dots are all
spherical.
A similar behavior for localized surface plasmon resonance for the extinction of
nano particles was also observed in the work by J. Jack Mock et al53. Where they have
observed the the resonant peak of gold nanoparticles (60 nm) on the surface of a glass at
~550 nm. Also as the particle diameter decreases the peak wavelength also decreases.
Another point to note, if the polymer is left around the gold dots, this would
effect the measurements. To prevent this, we have removed the polymer by oxygen
plasma cleaning. Because the gold dots are prepared via block copolymer lithography
which would have residual polymer. The interaction in between the particles can also
shift the position of the peak to higher wavelength as we have observed in our
measurements. Because the incident radiation will create plasmonic modes that will be
effective on isolated particles and also in between particle-particle interactions. The
width of the peak (homogeneous broadening) is due to the lifetime effects which are due
to interband transitions or ohmic losses. The lifetime effects also cover the
inhomogeneous structure like surface roughness.
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4.3.6.4 Silver Film with Silicon Oxide as Dielectric
Firstly we have measured bare silver film on glass slide to compare with
literature. We have used the setup mentioned above and setup the detector on the other
side of the glass substrate to measure the absorption. So that the white light was incident
on the substrate. (See Figure 111).
Figure 111: Normalized absorption curves for silver film on glass substrate
measured by the spectrometer setup through normal incidence and the UV-VIS
instrument.
The plot above shows that two instruments show similar behavior but below 400
nm should be neglected. Also below 300 nm the measurements do not have much
meaning since the glass slides absorb UV light. But the absorbance dip at around 320
nm matches quite well with the screened plasma frequency of silver which is due to the
screening of plasma oscillations by the polarization of localized electrons. The
collective osciallation of free electrons are screened by bound d-band electrons54.
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First glass slides were evaporated with silver (50 nm) and then with SiO2 of
various thicknesses; 3, 6, 10, 15 nm. These would be various dielectric spacings of the
silver film. These substrates were measured with the extinction measurement setup as a
function of wavelength and also at variable angles from 40 to 65 degrees.The peak
extinction wavelengths were plotted for each sample. (See Figure 112).
Figure 112: Extinction peaks versus wavelength (400 to 1000 nm) and incident
angle (40 to 65 degrees) plots for each silver film with increasing dielectric spacer
thickness. (Left-Top) 3 nm (Right-Top) 6 nm (Left-Bottom) 10 nm (Right-Bottom)
15 nm.
If we compare the absorption peaks at 45 degrees for each sample, we see that as
the thickness of the dielectric spacer increases, the absorption peak (~550 nm to 660
nm) also increases in wavelength (red-shifted), which is as reported in literature64,53.
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This is due to the surface plasmon polariton resonance of the silver film and its coupling
with the dielectric.
4.3.6.5 Au Dots on Silver Film
In our experiments silver film was evaporated at a rate of 25 Å/sec and shutter
was used. After evaporation on the glass slide the roughness was measured using AFM.
(see Figure 113).
Figure 113: Roughness of silver film as evaporated on glass slides. The total
thickness is ~50 nm.
The roughness of ~10 nm didn’t seem to effect our measurements. If the
roughness had been more, the film itself could show some plasmonic behavior as
explained in section 2.2.
For the gold dots on silver film (50 nm) with a spacer (again SiO2 with 3,6,10,15
nm of thickness evaporated), PS-P4VP reconstruction method was used. When the
polymer around the gold dots was removed using oxygen plasma, the silver film was
also damaged. (See Figure 114)
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Figure 114: Silver film with after oxygen plasma cleaning. (Left) Edge of the glass
slide (Right) The middle of glass slide.
First of all this is an indication that the oxygen plasma does not etch uniformly
or due to the metallic structure, the plasma interacts with the metal film. Because the
middle part of the substrate seems to have less background material left. Also all these
non-uniform islands might contribute to the plasmonic signal.
Another caveat of using O2 while etching silver film is the surface tarnishing of
the silver due to oxidation54. In case of oxygen presence, silver oxyfluoride was formed.
The etched film color could be AgF: yellow or AgF2: white or brown55. In our samples
we have observed yellow to brownish color change.
4.4 Conclusion
Block copolymers enable the “bottom-up” fabrication so they are effective when
large surface areas are desired to fabricate photonic structures. However, by directly
transferring the pattern, it is not easy to achieve surfaces that can give high optical
response. But using the proper etching recipe, it is possible to transfer the pattern and
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fabricate any nanoporous metal mask that can allow the etching of a substrate at high
aspect ratios. Combining electron beam lithography with block copolymers, gives the
flexibility of fabrication nano porous patterns on any region of the substrate.
Anti-reflective pillars can be formed through direct etching due to re-sputtering
of etchants on the surface as shown in the the reflection data. When the pillars made by
block copolymer mask are compared to the samples without any mask, these structures
look similar under SEM, but VASE measurements show that they are different. This
etch-chemistry works to fabricate simple anti-reflective coatings with pillar structures
on silicon surface.
In our gold dot measurements fabricated by block copolymer lithography, we
have observed one main peak which is around ~525 nm (due to resonance wavelength
of isolated gold nanoparticles). There could be one more weak peak according to the
close proximity interaction of nanoparticles as predicted by another theory, but in our
case the interaction is too low.
The width of the peak (homogeneous broadening) is due to the lifetime effects
which are due to interband transitions or ohmic losses. The lifetime effects also cover
the inhomogeneous structure like surface roughness.
In the case of gold dots on the silver film, the polymer could not be removed
from the surface thoroughly due to the damage caused by plasma cleaning. The
systematic dielectric spacing variation in between the gold dots and the silver surface
agree quite well with the prediction. However the residual polymer remaining on the
surface and in between the gold dots effect the results.
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CHAPTER 5
ELECTRON BEAM LITHOGRAPHY FOR FABRICATION OF PLASMONIC
NANOSTRUCTURES
Electron beam lithography is not a high throughput fabrication method but it is
definitely one of the reliable routes to produce any arbitrary structure. The combination
of electron beam lithography and ion beam milling has been used previously to make
holey plasmonic films1.
When polymers are exposed to ionizing radiation they undergo chemical
changes. If an electron beam is used as the ionizing radiation, any patterns can be
defined on the surface lithographically using the electron microscope and the pattern
generator. Electron beam lithography allows us to fabricate patterns directly. We have
used this method to fabricate plasmonic holey silver films on glass slides and optically
measured the transmission spectrum of these samples.
5.1 Holey Silver Film Fabrication Using Electron Beam Lithography +
Evaporation + Lift-Off
This fabrication method starts with cleaning of microscope cover glass slides
which are 1”x1” by dimensions in sulfuric acid and a rinse followed with DI water.
PMMA is spin casted which gives a thickness of ~300 nm. (See Figure 115). It is pre-
baked on hot plate at 180 degrees for 30 minutes. A thin layer is gold evaporated on the
surface to make a conductive coating and to prevent charging due to electron beams.
Then patterns with various exposures are written on the substrate. Before e-beam
lithography, it is important to ground the surface of the substrate so that the charge can
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be dissipated through the grounding. After electron beam exposure the gold layer is
removed using KI+I2 solution (~10 % by weight in water), followed by MIBK:IPA
development (1:3 by volume). This gives the exposed regions to be removed. Using
thermal evaporation ~70 nm of silver is evaporated straight on the substrate and all the
rest is lifted-off using acetone.
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(a)
(b)
(c)
(d)
Figure 115: The fabrication scheme of holey silver films on glass. (a) Microscope
cover glass slides are cleaned and PMMA is spin-casted to give a thickness of ~300
nm. Evaporated with a thin layer of gold (~5 nm) and electron beam exposed with
various doses. (b) Gold layer is removed using KI solution (c) Exposed regions in
PMMA is developed by MIBK:IPA (1:3 by volume) solution and silver is
evaporated. (d) The rest of PMMA pattern is removed by acetone lift-off.
The patterns we have written are square patterns with various holes. Which
means within a 5 micron square region everywhere is e-beam written except the hole
areas. (See Figure 116).
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Figure 116: The ‘holey’ film region. (Left) The AFM image of the regions after
developing. (Middle) The optical microscope image showing the 5 micron square
regions. (Right) The red colored region is where the electron beam exposure
happens.
Since only red colored area is supposed to be exposed with electron beams, after
developing we should see circular heights which are meant to mask silver evaporation.
(See Figure 117).
Figure 117: The ‘holey’ film after developing. The exposed area is small as
compared to the un-exposed region.
Using this method above a wide range of exposures and different parameters
have been used that would give the best resolution for holey film. For example the
center to center distance of the un-exposed region has been changed from 350 nm to 550
nm and the diameter was used with 200 and 250 nm. The area dose was also
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incremented from 20 to 120 µC/cm2 with 20 µC/cm2 increments. This matrix of
parameters gives us 72 different patterns and all of them were scanned with AFM one
by one. (See Figure 118).
Figure 118: The common ‘holey’ patterns in most of 72 of silver films. It seems like
lift-off step has problems due to proximity exposure.
Only a few of the patterns seemed to be looking fine. However, finding these
patterns among a wide range of matrix of variables is not easy. Also the consistency is
very difficult to achieve due to the slight variations in parameters (like thickness of
PMMA, dosage in e-beam, etc.) might play a big role in the consistency. However a few
good reasonable samples have been produced. (See Figure 119).
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Figure 119: The best looking holey patterns in silver. These are achieved after
trying out 72 different parameters.
The problem observed above might be attributed to the proximity exposure.
Because here the hole region is left without exposure and everywhere else receives
electron beam. This brings in exposure from all sides. So as seen in the SEM pictures,
some holes still have silver or maybe PMMA trapped inside them. The proximity
exposure might have also created some overcut which is not good for the lift-off.
5.2 Holey Silver Film Fabrication Using Evaporation + Electron Beam
Lithography + Etching
The previous fabrication scheme has a slight chance of working due to the high
proximity exposure. This also limits the minimum size of diameter of the holes. As an
alternative fabrication scheme, only the holes can be exposed.
The fabrication again starts with cleaning the cover glass slides. Then 200 nm of
silver is thermally evaporated and PMMA of thickness of ~200 nm is spin casted on top
of silver. This time only the hole regions are exposed with electron beams and PMMA
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is removed from where the holes are desired. In the final step etching is done which
consists of different methods as explained later. (See Figure 120).
(a)
(b)
(c)
Figure 120: The fabrication scheme of holey silver films on glass through etching
of silver film in the end. (a) Microscope cover glass slides are cleaned, silver is
evaporated and PMMA is coated both at a thickness of 200 nm.. (b) PMMA is
exposed by e-beam and developed (c) The silver film is etched through the holey
PMMA mask.
207
After having a silver film exposed to air through a holey PMMA mask, 3
different methods were used to transfer the holes into the silver film; which are
essentially wet etching and dry etching.
5.2.1 Wet Etching Methods
Wet etching is known to be isotropic. It might be a good method for etching
large area, thin film surfaces but it may not be suitable for thin film etching, especially if
the thickness of silver is 200 nm and the holes are also 200 nm. In our first experiment
we etched silver chemically using KI solution which is also used for etching gold. The
solution consists of 4 g KI, 1g I2 and at least 50 ml of de-ionized water. If it is diluted,
the etching rate also decreases. The etching is controlled visually, which is at every
minute the sample is rinsed and inspected under the optical microscope (See Figure
121).
Figure 121: Etching of silver film using KI solution. The optical microscope
pictures shows that residue remains on the surface and the sharp image looks
fuzzier which might be due to the isotropic etching.
Another etching method which was tried was electro-etching. This method in
general gives more control of the etching rate, since the voltage can be controlled but
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the isotropic behavior of etching can not be controlled. In this method one part nitric
acid is mixed with 15 parts of de-ionized water (by volume). The sample is connected to
the anode (+) and a stainless cathode was used with a 3-4 V of potential difference. The
etching was again checked with short time intervals under the optical microscope. But
the pattern again looks fuzzy. (See Figure 122).
Figure 122: Etching of silver film via anodization. The pattern looks fuzzier which
might indicate that it is even more isotropic.
These two wet etching methods above have shown that wet etching is not a
preferable method to use for small aspect ratio structures due to the isotropic behavior.
But for higher aspect ratio films, we have observed very good etching (where silver film
thickness could still be the same but the hole size is larger) and pattern transfer.
5.2.2 Dry Etching Methods
In order to overcome the anisotropic etching problem of wet etching, we have
used dry etching methods like RIE and IBE. We have used CF4 to etch silver and
measured the rates. However the rates were not consistent with the power given.
Especially with PMMA mask, the rates were not reliable at all. The samples were etched
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using the same power (around 50W) and for 1,2 and 3 minutes. However the pattern
was not visible after all etching times. (See Figure 123).
Figure 123: Silver and PMMA mask after CF4 RIE etching. PMMA easily
degrades and the pattern is lost.
The degradation of the pattern might be again due to the isotropic etching of
silver patterns and the weak selectivity of PMMA or the re-deposition of polymer back
on the pattern.
The ion beam etching results have been quite different than RIE. Initially the ion
beam created a lot of charging on the PMMA substrate. The charging was so big that the
sparks could be visible from the surface of PMMA to the ground. As a result not any
significant etching was observed. But then the sample was sputtered with gold and the
surface was grounded to the sample holder and as a result the charging problem was
solved.
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5.3 Holey Silver Film Characterization
5.3.1 PMMA Lift-Off
The films were successfully fabricated by IBE. However when the PMMA was
tried to be removed, not any conventional methods worked. Usually acetone lift-off
works for removing PMMA but overnight dipping did not work. Microposit remover at
80°C has helped to remove some of the film but still many regions on the sample were
coated. We have also tried RIE with oxygen to remove the film but this also oxidizes
silver so this method might be only applicable to plasmonic structures made out of gold.
Ion beam etching is a powerful method but as in the case of electron beam
lithography, where secondary electrons which are a few electron volts of energy, expose
the e-beam resist. A similar thing happens also for ion beam where the PMMA gets over
exposed and cross-lined and bubble or wave pattern formation was observed2. In our
samples we have also observed these bubble formations. (See Figure 124).
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Figure 124: PMMA patterns on silver film. (Left) Before IBE (Right) After IBE
where the bubble formation is observed.
As reported in literature these bubble formations might be a result of volatile
fragments and form gaseous bubbles if the concentration exceeds the solutibility in
PMMA. A preliminary irradiation is suggested to reduce the bubble formation but in our
case cross-linking has been a bigger problem.
Focused ion beam on PDMS also leads to ordered surface wrinkles and a similar
observation was reported also for Ar+ ion beam3.
The theory and formation of ion beam etching (sputter patterns) is extensively
explained by M.J. Aziz in his review on the topic4.
When an insulating material is under electron beam radiation, charging occurs
and electron beam induced conductivity (EBIC) results. There have been measurements
of EBIC in PMMA using and external bias. Even SiO2 can have EBIC and PMMA has
shown an ohmic behavior. Exposed polyimide has shown 50 times more conductivity as
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compared to PMMA under same exposure conditions. This might be due to the
amorphous (PMMA) versus lateral (polyimide) structures of the polymer films which
might also result in electron hopping mechanism between inter-chains5.
For optical transmission experiments, the samples were used anyhow.
5.3.2 Surface Roughness of Gold and Silver Films
The surface of gold and silver films is important if the samples are going to be
used for plasmonic measurements since surface roughness might shift the plasmonic
resonance. So we have characterized the surface roughness of gold and silver films.
The gold film which was sputtered on Si wafer (40 mA for 2 minutes) was
scratched with a razor blade and the thickness was measured with dektak at several
locations. 42 nm, 35 nm and 37 nm was measured. Similar thickness of ~35 nm was
confirmed with AFM and SEM. The roughness measured was around ~3 nm which
would be fine for plasmonics.
The evaporated gold has a roughness of around 5 nm if evaporated thermally (at
1 nm/sec rate) whereas silver film might give a roughness of 10 nm if evaporated under
the same conditions. The silver films were observed by AFM and SEM. We have also
found out that if silver is evaporated at higher rates, the roughness is reduced. For a rate
of 2.5 nm/sec, the roughness was measured to be around 3-4 nm. It was reported that
blinking and characteristic emission patterns demonstrate single-nanoparticle (Ag2O)
observation, large-scale dynamic color changes were also observed even from the same
nanoparticle6. The silver nanoparticles that consist of Agn molecules (n=2~8) have
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shown strong electroluminescence7. That means having stable silver surfaces is
important.
When silver sits in the room environment it captures sulfide from the air and
makes the Ag2S complex which is the tarnishing of silver. Normally silver sulfide is
black but if a thin coating is on the surface the color might look brownish. One way of
removing the silver sulfide from the surfice without removing the film is to reverse the
chemical reaction which does not remove any silver. We have performed a table top
experiment with baking soda or table salt (warm) and aluminum foil where an exchange
reaction happens:
3 Ag2S + 2 Al  6 Ag + Al2S2
In this reaction both aluminum foil and silver film should have an electrical
contact with each other so that the electrons can flow. The end result is shiny silver
surface again.
5.4 Plasmonic Structure for Beaming Light from a Subwavelength Aperture
It has been shown that with the excitation of surface plasmons, the transmission
of light through a single aperture can be amplified and at a certain wavelength there
might be preferential certain angles8. Although in literature these kind of “bull’s eye”
structures are made by focused ion beam (FIB), it is also possible to make them using
double layer-electron beam lithography. (See Figure 125).
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Figure 125: Bull’s eye structure made by electron beam lithography.
Using two layer electron beam lithography; the first layer can be etched with ion beams
and a hole can be made through, then after alignment and second layer, the remaining
ring-like structures can be etched as grooves.
5.5 Optical Characterization of Electron Beam Lithographically Made Holey
Silver Films
Initially the holey films were inspected with optical microscope. Since they have
holey structures, the illumination was from the bottom of the microscope, through the
film. So that the light entering the objective lens was sourced behind the holey film. The
regions where silver was coated were looking dark since the thickness of silver film was
200 nm and the regions with holes were looking bright. (See Figure 126).
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Figure 126: The optical microscope images of holey silver film. Both images are
with back illumination and dark regions are showing the silver film. (Left) The
triangles are the indicators for the pattern and the squares are where the holey
regions with different hole sizes. (Right) Higher magnification of the 300 nm holes
with 550 nm separation.
It is interesting to note that the transmitted visible light looks bluish with white
light illumination. This lower wavelength transmission was shown experimentally and
simulated. The environment index of refraction and the periodicity both effect the
transmission peak9. The bluish color might also be due to the cut off at higher
wavelength as also shown in figure 128. If we use equation 24 to do a quick calculation
for the first order transmitted peak:
( ) dm
dm
ji
P
εε
εελ
++
≈
22max
For silver film with PMMA (dielectric around it)
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εε
εε
+
~1.28. If we do this
calculation for the first order peaks (i=1, j=0) we get λmax~400 nm that corresponds to
the bluish transmission. There will also be higher order transmissions but the first orders
would have the highest intensity10.
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Also under the highest magnification, the periodic pattern can be identified with
each hole acting as a source. If the number of holes are counted (~36) within the scale
bar of 20 microns, the size per hole is found about ~560 nm which is very close to the
original periodicity of the holes.
When these patterns were observed with AFM, the PMMA is still visible on the
surface of silver film. This is good in the sense that the polymer film protects the silver
film from chemically reacting with oxygen or sulfur. But performing a chemistry may
not be easy with the cross linked polymer on the surface. The AFM image clearly shows
the 400 nm and 200 nm holes in PMMA film. After IBE, the holey regions have optical
transmission.
Figure 127: AFM images of holey patterns in silver film with PMMA on the
surface. (Left) 400 nm holes (Right) 200 nm holes.
The film with 200 nm holes was also measured spectroscopically. The
measurements are performed by Achermann lab and one of the difficulties was to center
the fiber optic with the pattern. (See Figure 128). In the measurements, since PMMA is
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still on the surface of silver film, it might also be contributing to the surface plasmon
transmission spectrum.
Figure 128: Transmission measurements perfomed on the 200 nm holes with 550
nm periodicity in silver film. The measurements are showing two plasmonic modes
through the holes.
5.6 Conclusion
Using standard electron beam lithography, we were able to fabricate structures
that have resolution limits of ~100 nm. For most optical measurements this method can
give small sample measurement area but has the flexibility to control the design of the
template at different locations of the substrate. Also due to the chemistry of electron
beam resist, the etch masks are much thicker than the block copolymers which allow us
to fabricate high aspect ratio structures and give sharper optical response. But proximity
effect of electron beams made it harder to fabricate holey films. However we were able
to fabricate nanohole arrays in silver film with diameters of 300 nm. These films were
optically characterized and transmission spectrums were plotted. According to the
theory, the transmission peaks and their sharpness are related with the ambient index of
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refraction (the dielectric on the surface) and also with the periodicity. With simple back
illumination of the optical microscope, we see that the un-polarized white light is
transmitted with a bluish color due to the increased relative transmission at lower
wavelengths. Our quick calculation shows that the theory agrees well with what is
observed. The cross-linked PMMA on the surface could be a problem for these holey
films to be used as sensors. But if gold is used instead of silver, due to the chemical
inertness, the residual polymer could be removed from the surface.
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CHAPTER 6
CONCLUSIONS AND FUTURE EXPERIMENTS
6.1 Conclusions
In this thesis work, we have introduced the fabrication of nanophotonic
structures by using electron beam lithography and using pattern transfer via self
assembly with the aid of block copolymers. This research has required a great deal of
development of new fabrication methods. We have shown that both of these methods
have their advantages over each other depending on the size of nanostructures.
In the first two chapters we have introduced the basic theory for nanophotonics
and anti-reflective coatings. We have seen that the idea of nanoporous pattern transfer is
a viable tool for the fabrication of photonic structures at large scales.
In chapters 3, 4 & 5, the experimental methods and apparatus were introduced.
Electron beam lithography, is an effective tool to fabricate photonic structures with the
resolution limits of ~100 nm. For most optical measurements this method can give
small sample measurement area but has the flexibility to control the design of the
template at different locations of the substrate. However block copolymers enable the
“bottom-up” fabrication with high throughput and larger areas. Using these techniques
separately and sometimes combining them, selective pattern transfer has been shown.
Pattern transfer using electron beam lithography or block copolymers has been
experimented with various conditions and within the large matrix of parameters. Among
those recipes, some good working ones have been outlined. These recipes have shown
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that, successful pattern can be transferred into silicon or can lead to ordered metallic
structures on the substrate.
The optical measurements indicate that the block copolymer systems give large
area patterns, however due to the small aspect ratios, the optical signal is not as intense
as samples fabricated using electron beam lithography. But this can be optimized using
the developed recipes.
6.2 Future Experiments
We have mostly developed the nano photonic fabrication methods and have
produced many samples. But we didn’t have a system to measure the optical properties
of anti-reflective structures, fabricated by self assembly of block copolymers. An optical
system which is tuned to work for UV wavelength would give adequate information.
We have also successfully fabricated patterned nanoporous film. These films can
be used as an etch mask. As we have seen in the thesis work, pure polymer mask can not
hold against most etchants whereas, metal films can. This is an important advantage and
the metal film mask can be easily done. (Electro-etching, evaporation + lift-off, etc.)
Alignment of the polymeric patterns can be utilized on semi-finished solar cells.
After p/n junction formation, the solar cells can be sent back to the company to continue
the fabrication process with non-patterned ones so that a comparison for efficiency can
be made.
The gold dot arrays can be made thicker and also the optical measurement setup
can be optimized to do a measurement on a larger surface area which would enhance the
signal/noise ratio. Also gold dot arrays can be introduced with different ligands or
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chemicals and a comperative study of the plasmonic structures based on different
dielectrics can be found. Besides gold dot arrays, silver arrays can also be fabricated
using self assembly and pattern transfer methods, to compare with gold dot arrays.
Using electron beam lithography, silver or gold hole arrays can be fabricated
using stamping. This would require a master stamp and would enable a larger array to
be produced.
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APPENDIX
THE POLYMER FUEL CELL MEMBRANE IMPEDANCE MEASUREMENTS
The increasing demand for power generation has accelerated the search for more
efficient and environment friendly alternative energy sources. Polymer electrolyte
membrane fuel cells (PEMFCs) are quite popular power sources for electronic devices
and vehicles due to their low operating temperature, high efficiency and and low carbon
emission properties. The fundamental principle relies on proton transport and in most
cases depends on water as the conduit. However, higher operating temperatures increase
their efficency and protect the expensive catalyst from poisoning from fuel impurities
which makes it necessary to focus on anhydrous membrane materials for proton
transport1.
Fuel cells generate electrical energy via reduction-oxidation reactions which
occur at the electrodes. The electrodes are present only for charge transfer. Two of the
most common electrical characterization methods for fuel cell membranes are by using
direct or alternating current. Usually alternating current (AC) measurements are used to
avoid electrode polarization. Because, at lower frequencies polarization effects occur
and at higher frequencies other relaxation processes contribute to the impedance2. Since
proton is small and light, its transfer is affected by quantum effects such as tunneling,
exchange, and resonance.
The direct current (DC) measurement method is the most straightforward
method conceptually but difficult in practice since the circuit can never achieve a
genuine steady-state current and there is significant blocking resistance at the electrodes.
224
The use of a four-terminal measurement configuration can address the latter but
is difficult to construct.
A piece of Nafion was hydrated (boiled in DI water for ~5 minutes) and after
this it was clamped between the electrodes (gold coated) of a fixture. It was swept
between -1 to +1 volts and the data was recorded using Keithley 2400 sourcemeter.
The I-V curve of hydrated Nafion looks like the cyclic voltammogram of
electrolytic solutions.
The AC methods require more complex equipment and the theory is more
complicated. But the data carry information on not only about the migration of ions, but
also about polarization phenomena (relaxation of trapped ions).
There are basically two AC methods:
a) AC cyclic voltammetry (frequency is constant and DC ramping)
b) Measurement of impedance as a function of frequency. Typically from 1
mHz to 1 MHz.
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In the figure above, an alternating voltage is applied to the electrodes and the
current is measured in response. The ratio of both simply gives the impedance Z(ω). The
complex impedance is plotted in the “Argand” (or Nyquist) diagram.
After the impedance is measured it is plotted parametrically as a function of its
real and imaginary components. In electrochemist notation, usually Z=Z’-jZ” which
means the plot is usually showing the negative of imaginary value.
The response of any linear (not depending on excitation amplitude) cell to an AC
signal can be represented by an equivalent electrical circuit with components,
principally with resistors and capacitors (see figure below).
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When there is only a resistor, this gives the impedance as a single point on the
real axis and in the case of a capacitor, it gives a straight line on imaginary axis (Z’=0).
Also in the capacitor case, the voltage lags behind current by –pi/2.
In the case of more R-C circuits, depending on the connection of R and C, the
curves change.
When R and C are connected in series, the resultant impedance plot is just a
straight line, at Z’=R. But if they are connected in parallel, then it is a semi-circle with
the peak value ωmaxRC=1 and the radii of the circle is R/2 on both axis. The equation is
given as (which can be derived with some algebra):
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This is the equation of a semi-circle in the parametric ω space. This is an
important equation since most curves are fit using this simple function to determine
conductance and capacitance values.
In the case of a more realistic system where there are polymer electrolytes and
also blocking electrodes (don’t participate in any electrode reactions with the species in
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the bulk medium). In this case the immobile polymer chains become polarized in the
AC field, represented by the capacitor Cb (blocking electrode capacitance). The ionic
charge builds up within near the electrodes and represented by Ce (capacitance due to
electrodes).
In this case the equation is a bit more complex but still simple for determining
the impedance directly by looking at the curve.
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We have also simulated the equation above, by choosing some arbitrary values
for the capacitors and resistors. The frequency range is from 1 mHz to 300 kHz (to fit it
better to experimental range).
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In the case of an even more realistic case where there are non-blocking
electrodes again and with charging/discharging double layer (Ce) and Re the electrode
reaction at the interface:
Here the total impedance is:
eebb CRCRTot ZZZ −− += which is the addition of two
semi-circles.
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If we simulate the impedance plot for the values above, we see the first full
semi-circle and the small part of the larger plot. The rest of the plot depends on the
higher frequency, if we had used higher frequency then the second semi-circle could be
completed.
Electrochemical impedance data were obtained using a Solartron 1287
potentiostat/1252A and a frequency response analyzer in the 0.1 Hz-300 kHz range. The
measurements were done under vacuum and were being pressed between two gold-
coated blocking electrodes followed by an application of 100 mV excitation voltage
with a logarithmic frequency sweep from 3 x105 to 1 1x10-1 Hz34567.
The sample thickness and contact surface area were controlled by using a 125
µm thick Kapton tape spacer. Resistance values were taken at the minimum imaginary
response in a Z” vs Z” plot to determine conductivity in the low-frequency limit. The
data was recorded with LabVIEW program with the format that ZPlot recognizes8.
AC conductivity measurements with gold or platinum blocking electrodes were
used as a convenient way to evaluate the intrinsic conductivity of membrane
samples9,10. ZPlot software was used to fit Z(ω) data to suitable circuit models, enabling
a simple extraction of conductivity in the dc limit. Typical measurements were
compared to the empirically motivated Vogel-Tamman-Fulcher (VTF) form, σ = σo
exp(-B/k(T-To)), or alternatively the Arrhenius form, σ = σo exp(-Eo/kT), as a means of
comparing the performance of different materials11. The impedance data was obtained
as a function of temperature upon cooling of the samples.
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Experimental Setup
The vacuum thermal oven used in this work did not have a programmable
temperature-control input for the computer use, so external wires were soldered to the
key pads. The ‘key press’ was performed using relays. The triax cable (inside cores;
temperature up and temperature down, shield is digital ground) was used to carry out the
key press information.
(Left) The cross-sectional view of the triax cable. (Middle) The black box with
relays for the keys and the triax cable connection. (Right) Inside the black box showing
the relays and the transistors.
All the circuitry is mounted on a breadboard for easy access and replacement of
components. Inside the box two MOSFET transistors (IRL510) have been used. The
gate was grounded via a 1 MΩ resistor, otherwise the channel could turn on due to
noise. The input was fed from the digital port. The train is connected to the relay. An
external power supply is feeding the circuitry. The MOSFETs also have a reversed
protection diode embedded so that the inductive current created by the solenoid doesn’t
harm the transistors. The relays are low signal relays.
Temp. Down
DGND
Temp. Up
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(Left) The relay which is double pole, double throw. (Right) The switching
circuitry with the MOSFET.
The samples are held by fixtures that are by machined parts or non-rotating
spindle micrometers. The micrometer is useful for samples for measuring the thickness
of the membrane. Between the electrodes a good insulator and an easily machinable
polymer, PEEK (polyethyl ethyl ketone) was used. The actual electrodes are standard
SEM stub holders so that they can be easily exchanged and cleaned.
PEEK
Electrical Connectors
Non-rotating
spindle
Micrometer head
IRL510Pbf
1 MΩ
100 kΩInput
Relay
+V
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(Top) The schematic of the fixture (Bottom) the actual electrodes after
machining.
For the electrical connections, banana plugs were soldered to BNC male
connectors. Then they were cast in Stycast 1266 epoxy and cured. Heat shrinking tubes
formed a good cast for this. This provides a robust single channel connector.
Then all the connectors go into a metal box that is grounded outside, and inside
the WE, RE1, RE2, CE connections merge and all end up at the triax connector. A good
shielding is necessary for a reliable measurement12.
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(Left) The shielded box connection (Right) The actual box with the ground.
The thermocouple inside the oven is also read by the DAQ system. The voltage
output of the thermocouple and the temperature reading on the digital display of the
oven were recorded and plotted. This gave the calibration curve and the values are used
in the LabVIEW program. So that the voltage reading goes into the DAQ and it is
converted to temperature.
Triax
Connector
Red banana jacks
Green banana
jacks
Ground
Triax
WE
RE1
RE2
CE
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Inside the oven a multi channel feedthru on a KF vacuum flange was welded to
the oven. Since solder would melt during normal oven operation, the connecters were
crimped. For each channel, two wires were used. Teflon coated cables were twisted in
order to minimize noise pick up. These cables were UHV compliant, having silver
coating on copper.
1 MΩ
100 kΩ
Inputs
(DAQ)
1 MΩ
100 kΩ
1 MΩ
100 kΩ
1 MΩ
100 kΩ
Ch1
Ch2
Ch3
Ch4
RE1 CE
RE2 WE
Solartron
(Left) The multiplexer box with four channels (Right) The circuitry which
multiplexes the output from samples to the Solartron impedance analyzer.
The multiplexer consists of 4 channels. Each channel has two wires and is
connected to a single fixture. Inside the multiplexer are MOSFET transistors connected
to the DAQ which are activated by the on or off state of the digital channel. Each
MOSFET is also driving the relay which is a double pole switch one so that both
connections for each channel is thrown at the same time.
Proton Conductivity Measurements Using Hall Method
Proton conductivity through polymeric membranes has been studied for over a
decade but the transport mechanism is still not well understood13. Proton transport in a
polymer membrane consists of two basic transport mechanisms; hopping and vehicle
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transport. Proton hopping involves the thermally activated transfer of protons from one
host site to a neighboring site whereas vehicle transport involves proton transport via a
diffusing host carrier molecule.
For proton conductors and a positive sign Hall-coefficient was found. The
simple model proposed from these measurements indicates that the conductivity
mechanism occurs in time-correlated proton jumps across several H-bonds2.
In order to better understand of the microscopic mechanism of proton transport
in polymeric membranes supplementing the standard proton transport characterization
methods, such as impedance spectroscopy, with a complementary method, such as
NMR and Hall measurement, is needed.
Although impedance spectroscopy is a reliable method for obtaining the
conductivity of a material and its temperature dependence, it does deconstruct the
underlying features of the transport mechanism. The proton conductivity can be
expressed a σ = enµ, where e is the charge of the proton, n is the carrier density and µ is
the proton mobility.
Hall effect measurements would determine the proton carrier concentration to
better understand its contribution to the net protonic conductivity14. In the Hall
geometry shown above, an electric power supply controls dc current through the
sample15. A magnetic field is applied in a direction that is perpendicular to the current.
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In such an arrangement, in addition to the longitudinal voltage drop that appears along
the current direction, a transverse voltage (the Hall voltage VH) will appear in a
direction that is perpendicular to both the current and the magnetic field directions. The
total force on a charge carrier is
F = q (E + v x B)
where q is the charge of the carrier (e in the case of the proton), E is the electric
field in the current direction, v is the velocity of the charge carrier and B is the magnetic
field. The Hall effect is due to the Lorentz force component q(v x B) of the total force.
This force moves charges in the transverse direction. Since the carriers cannot leave the
sample, a charge build up occurs, creating a transverse electric field that produces a
transverse force that eventually counterbalances the Lorentz force. The Hall voltage is
the integral of the transverse electric field, which can be measured with two electrodes
on opposite sides of the sample. The Hall coefficient is defined as a ratio of easily
measurable quantities, RH = VHt/IB, where t is the sample thickness and I is the current.
A simple analysis using the Drude theory of conductivity shows that the Hall coefficient
is only dependent on the charge carrier density n and the charge value q,
RH = 1/nq
Since the charge is known, this means that an experimental determination of the
Hall coefficient provides a powerfully simple route to knowledge of the carrier density.
It can be measured as a function of external conductions, such as temperature and
humidity, and compared for various materials.
The membranes to be measured using two different Hall contact probe
configurations are shown below: one 6-probe contact assembly suitable for solvent-cast
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thick films and a 4-probe contact substrate for thin, spin-cast films. Generalized
contacting techniques for the Hall effect are outlined in early work16.
The Hall setup was built on a PPMS chuck with 6 spring loaded electrodes
fastened with a precisely machined polymer with high electrical resistivity.
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